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Chapter I
Introduction
1.1 Background
Highway signs provide drivers with necessary warnings, regulation, and guidance
for the efficient and safe flow of traffic on the road. The typical application of
sign color is to convey meanings and messages of the signs. Thus, red is used for
STOP signs, DO-NOT-ENTER messages, WRONG-WAY signs, and parking prohibition
signs. Yellow is used for general warning and for school signs, and green is used as
a background color for guide signs and for directional signs on most highways in
the United States.
1.2 Color Standards
The chromaticity specifications for colors given by the American Association of
State Highway and Transportation Officials (AASHTO) and the Federal Highway
Administration (FHWA) differ from those of the American National Standards2
Institute (ANSI) safety colors. The colors specified for U.S. highways (FHWA
specifications) are somewhat darker, particularly the yellow, blue, and green.
Basically, there are two U.S. color coding codes (ANSI, and FHWA) and two
international codes (CIE, International Commission on Illumination, and ISO,
International Standardization Organization). The CIE specifications differ from
those used by the FHWA which also differ from those given by ANSI. A brief
description of the different color specifications systems is given in Appendix A.
1.3 Retroreflection
For nighttime recognition, signs can generally be placed into two categories (12):
1) Externally (and in some cases internally) illuminated signs
2) Non-illuminated (generally retroreflective) signs
Retroreflection is a reflection characterized by the flux in an incident beam of light
being returned in a direction close to the direction from which it came.
Retroreflection occurs when light rays from an automobile headlight strike the
surface of a traffic control device and are redirected back toward the driver (see
Figure 1).RETROREFLECTIVE
SHEETING
LIGHT BEAM FROM MEAOLAMP
RETROPIEFLECTE0 LIGHT TO DRIVER
Figure 1. Principle of Retroreflection
1.4 Fixed Light Sources
3
Nighttime visibility of retroreflecflve signs depends on the amount of light falling on
the sign from headlights. These signs may also be illuminated by various types of
fixed light sources such as fluorescent or high intensity discharge (HID) lamps (high
pressure sodium, mercury, or metal halide lamps). In these cases, legibility and
recognition of retroreflective signs depends upon the type of light source (color)
and the amount of light from the headlights. HID lamps are mostly used for
highway sign lighting.
In HID as well as fluorescent lamps, light is produced by the passage of an electric
current through a vapor made up of various gases, metals, and/or salts instead of
through a tungsten wire as In the incandescent lamp.HID lamps include groups4
of lamps known as mercury, metal halide and high pressure sodium lamps. A brief
description of the various HID lamps is included in Appendix B.
Table 1 shows the typical area and roadway lighting lamp characteristics.
Incandescent lamps have low initial cost and excellent color rendition. This is why
these lamps were the most widely used light sources for street and sign lighting
until the early 1950's. Fluorescent lamps also have excellent color rendition, and
they became a good choice for sign lighting. However, these lamps are
expensive, cumbersome to maintain and susceptible to temperature variations.
Mercury lamps were introduced in the mid-1960's for the illumination of signs. They
are long lasting and need very lithe maintenance (see Table 1).
Metal halide lamps which were introduced in the 1960's cost more than mercury
lamps, and have shorter life span than mercury lamps. However, because of their
good color rendition they are used as sign illuminants in some states.
High pressure sodium lamps are the most recent addition to the discharge lamp
family (1970's). They have a long life, and are often used for
street and sign lighting. However, high pressure sodium distorts the colors of signs
considerably (5,12).Table 1 - Typical Area and Roadway Lighting Lamp Characteristics (From IES Lighting Handbook, 1981 Reference Volume)
Lumens Per Watt Lumens Wattage
Range
Rated Avg.
Life (hrs.)
%
Maint.
Output
at end
of life
Color
Ren-
dition
Optical
Control
Cost
Incl.
Ballast
losses
Lamp
Only
Initial
(lamp)
Operatl
ono!
Incandescent N/A 11-18 655-15303 58-860 1500-12000 82-86 Exc. Exc. Low High
Tungsten-
Halogen
N/A 20-22 6000- 33000 300-1500 2000 93 Exc. Exc.
Vert
Poor
Hor
Moder. High
Fluorescent 58-69 70-73 4200-15500 60-212 10000- 12000 68 Good Poor Moder.Moder.
Mercury-Clear 37-54 44-58 7700 -57500 175-1000 24000+ 62-82 Fair Good Moder.Moder.
Mercury-
W/Phosp.
41-59 49-63 8500-63000 175-1000 24000+ 50-73Good Fair Moder.Moder.
Metal halide 65-11080-12514000-125000175-15007500-15000 58-74GoodGood High Low
High Pressure
Sodium
60-13083-140 5800-140000 70-100020000-24000 73 Fair Good High Low
Low Pressure
Sodium
78-150131-1834650-33000 35-180 18000 100 Poor Poor High
..
Low6
1.5 Objectives of the Study
This study will provide information about human capabilities with respect to the
recognition of different colors under daytime and nighttime lighting. For the
daytime lighting two fluorescent lamps will be used. For the nighttime lighting, a
combination of fixed light sources and headlights will be used as well as headlights
alone. The information obtained will be used in the highway environment to
provide safer roads for the driving population. This is done by identifying what
colors will be confused at nighttime as well as daytime. Therefore by making signs
more compatible with human visual capabilities, safer driving environment will be
provided for the drivers. Another objective of this study Is to see if there is enough
evidence that changing the specification for highway colors from the FHWA to the
ANSI safety color specifications would improve the recognizability of retroreflective
colors, viewed in a retroreflective mode and when illuminated by both headlights
and fixed light sources.7
Chapter II
Review of the Literature
2.1 Literature on Fixed Light Sources and Signing Materials
Previous studies done on signing materials and types of illumination, by Hussain et
al.(12) and Collins et al.(5) were under diffused illumination for ordinary and
retroreflective signing materials (see Figure 2). However, none of these studies
have addressed the issue of recognizability of the retroreflective signing materials
when illuminated by both headlights and a combination of headlights and fixed
sign lighting.
The issue of headlights used in automobiles is very important for nighttime driving in
terms of better night visibility. Currently automobile manufacturers are looking at
use of metal halide headlights in automobiles since these headlights are half the
Sae of current headlights and improve aerodynamics of automobiles by giving
automobile designers an ability to achieve styling themes not attainable today.
The first versions of these headlights are expected to appear on some 1993 or 1994
models.8
Type of Illumination
Sign Materials Diffuse Headlight
Ordinary S. Hussain et al.(12) N/A
B. Collins et al.(5)
Retroreflective B. Collins et 01(5) Current Federal Highway
Administration Studies
Figure 2. Matrix of the Literature Review
Hussain, Arens, and Parsonson (12) did a study which was aimed at evaluating
acceptable alternative light sources for the illumination of highway signs. Light
sources investigated included: incandescent, fluorescent, metal halide, mercury,
high pressure sodium, and low pressure sodium. The objective of their study was to
develop guidelines for the selection of efficient and cost effective light sources for
the illumination of highway signs. A test apparatus was built consisting of various
light sources, an array of highway sign color samples, a microcomputer, and two
electric drive motors. The computer was used for data recording and operating
the electric motors to generate random movements of the color samples and the
light sources. The goal was to determine the percentage of people that might be9
confused by these various light sources. Initially, 40 subjects were selected (20
Male and 20 Female) evenly divided into 4 groups of under 25, 26-40, 41-54, and
over 55 years old. Each subject's visual acuity was tested to verify a threshold
level of 20/40. Subjects were also given a color vision test to verify color
defectiveness. After the data was collected, a Cochran Q-test (nonparametric
test) was executed to determine whether the performance of each light source
based on subject responses was statistically different for the illumination of various
sign colors. The results of their study indicated that fluorescent lamps provide
slightly better color rendition/ color recognition than the next best light source, the
metal halide lamp. However, it was recommended that because of higher initial
and operating cost of fluorescent lamps, metal halide lamps are a better choice.
Mercury lamps were recommended for overhead sign lighting where some color
shifts could be accepted. It was indicated that the least desirable light source for
sign lighting, from a color rendering standpoint, is the high pressure sodium.
However, it was also mentioned that high pressure sodium lamps are a good
choice for construction and maintenance areas where mainly orange signs are
used and illuminated. The low pressure sodium lamp was not recommended for
sign lighting because of the extreme absence of any color rendition other than
yellow or orange. Since all the emitted light is at one wavelength (589 nm), all the
light reflected to the eye from an Illuminated object will necessarily be of this
wavelength (see Appendix B). Thus the appearance of colored surfaces under
low pressure sodium is quite distorted.10
Simmons, Sivak, and Flannagan (23), evaluated the colorimetric properties of
retroreflective traffic signs when illuminated by HID (metal halide) headlamps. Two
aspects were investigated: (1) colorimetric shifts of individual sign materials when
illuminated by HID light sources as opposed to tungsten halogen, and (2)
colorimetric separations of the red sign material from the yellow, orange, and
brown sign materials when illuminated by HID light sources. The objective of their
study was to evaluate the colors of traffic signs due to their importance to driving
safety, with a special emphasis on red signs. An analytical study was done to
address the issue of color rendition under HID headlamps. The analytical study
was designed to derive chromaticity coordinates of traffic sign materials when
illuminated by halogen and HID light sources, using the CIELAB (Commission
Internationale Del' Eclairage) uniform color space. The analyses used relative
spectral retroreflective data for seven colors (white, red, yellow, orange, brown,
green, and blue). The results of their analyses indicated that the magnitude of the
colorimetric shift increased with increasing correlated color temperature of the
light source (when color temperature is applied to nonblackbody radiation it is
called the correlated color temperature).It was mentioned that the resulting
colorimetric separations of red from yellow, orange, and brown for the HID light
sources also tended to increase with increasing correlated color temperature, with
the highest-temperature HID light source tested yielding greater colorimetric
separations than tungsten halogen.11
Collins (4) did research on color coding, highway safety color codes, color
deficiency, retrorefiective materials, and conspicuity to evaluate the effectiveness
of chromaticity specifications for highway signs and markings. Another purpose of
Collins' paper was to discuss ways of measuring the chromaticity of highway signs
including both the laboratory and field methods. The detailed analysis of the data
collected by Collins indicated that FHWA yellow was significantly less accurately
recognized than the ANSI yellow, with more confusions with orange, lower
saturation, and lower lightness. In addition, both highway green and blue were
seen as darker than the comparable ANSI colors.It was indicated that the FHWA
orange was more accurately recognized with higher saturation and lightness than
the ANSI orange. It was also mentioned that FHWA red was generally recognized
more accurately than ANSI red, even though performance for both was very poor
under High Pressure Sodium (HPS) and Low Pressure Sodium (LPS) where they were
named orange. Collins suggested very strongly that serious consideration should
be given to altering FHWA specifications for highway colors to meet the ANSI
specifications.
Collins, Kuo, Mayerson, Worthy, and Howett (5), in another study, provided data
on the color appearance and physical measurements of 58 safety color samples
viewed under seven light sources including: incandescent, cool white fluorescent,
clear mercury, metal halide, metal halide-high pressure sodium mix, high pressure
sodium, and low pressure sodium. Analysis of their data indicated that the
standard ANSI samples were often not identified accurately under many of the12
sources studied, particularly two sodium sources and clear mercury. The first goal
of their study was to determine if there was a set of color samples that could be
accurately identified for each safety color name under each of the seven sources.
The second goal was to provide physical measures of chromaticity and luminance
for each different color sample under all sources. Ten subjects (3 female and 7
male) participated in this experiment. The following four types of color samples,
commonly used on safety and highway signs were used: ordinary colors,
fluorescent colors, retroreflective colors, and retroreflective-fluorescent colors. The
color samples included the standard ANSI safety colors as well as several
fluorescent and retroreflective colors. A set of five responses was selected for the
observers to give for each sample under each light source. The first response was
that of a color name, followed by primary and secondary hue, lightness, and
saturation. The results of this study indicated that the ANSI red sample was rarely
termed red by all observers under every source. Performance was particularly
poor under HPS, LPS, and mercury. Performance was also poor for the ANSI
orange under these particular sources.
Jerome (15), in his paper, explores the identification of the ANSI safety colors when
illuminated by different light sources. The author attempts to adapt the CIE color
rendering index to indicate those light sources that will not render the safety colors
identifiable.It is mentioned in the paper that some exploratory experiments
carried out by the Illuminating Engineering Society color committee indicated that
some of the HID sources could generate confusion between some of the ANSI13
safety colors. The goal of Jerome's study was to present some further data
confirming this observation and to discuss possible means for predicting when a
light source may cause trouble in this respect.
The safety colors were viewed singly ina completely black room illuminated by
only the various sources used In this study. The observers were asked to mark on a
form provided the colors they perceived the samples to be. Twenty observers
participated in the evaluation of each source. The sources evaluated were:
daylight, incandescent, metal halide, deluxe mercury, clear mercury, and high
pressure sodium. Jerome concluded that first, there are general lighting sources
being used under which the safety colors can be confused, second, if the
chromaticities of the safety colors illuminated are separated by less than 40 U, V
units (on the CIE Uniform Chromaticity Space Diagram, U, V) confusion may exist,
and third, under all the sources included in the study, there Is some confusion
between the blue and green colors.
Glass, Howett, Lister, and Collins (8), discussed in their paper the use of safety-
related visual displays such as signs and colors in workplaces. The discussion
Included a review of relevant national and international standards for safety colors
and signs, and the effectiveness of safety signs, symbols, and colors.It is
mentioned in the paper that based on the initial literature review, the appearance
of safety colors under energy-efficient light sources was identified as an area for
detailed research. A laboratory study was conducted in which the color14
appearance of 45 different color samples under five different light sources,
including energy efficient ones was determined by seven subjects. The color
samples were contained in four sets: standard safety colors, experimental colors,
retroreflective and retroreflective-fluorescent colors, and fluorescent-only colors.
The results indicated that there was a set of colors which wasmore identifiable
under all light sources than the current standard safety colors. This set contained
a number of fluorescent and retroreflective colors, unlike the safety colors. The
five basic safety colors included: red, orange, yellow, green, and blue. The
auxiliary colors included purple, brown, grey, white, and black. Results of this
preliminary laboratory research suggested that the present safety colors do not
adequately convey accurate chromatic information under many of the HID
sources.
In another paper Thornton (25) calculated theoretical spectral reflectances for a
set of safety colors designed to be more identifiable under common HID and tri-
phosphor sources. Gamuts of coloration for six standard ANSI colors under
different illuminants were calculated, and it was found out that the gamuts of
coloration for HPS and clear mercury were severely reduced. Thornton suggested
that altering the spectral reflectance of ordinary color samples to suppress blue-
green and yellow reflectance could improve their recognizability under a number
of sources. For lamps such as low pressure sodium and clear mercury, he
suggested that only fluorescent materials would be effective and provided
spectral composition data for such materials.15
Olson and Bernstein (19), carried out a laboratory study to define the effects of
luminance, contrast, color, and driver visual characteristics on sign legibility
distance. The authors mention, in their paper, that because of high energy costs,
it is more desirable to use retroreflective signs rather than illuminate signs. The
legibility and luminance of retroreflective sign depends on a number of factors
including: the intensity of the headlamps of the oncoming vehicle as well as
distance from the sign, the position of the sign relative to the roadway, and the
shape of the road over which the vehicle travels during the approach to the sign.
The authors followed a four phase study as follows:
(1) A laboratory investigation was carried out to measure legibility as a function of
independent variables Including: color, background luminance, legend
luminance, and surround luminance.
(2) A mathematical model was developed which considered geometric and
photometric variables, and utilized these to calculate sign legibility distances.
(3) A validation study was conducted to determine whether the model
developed In phase 2 could predict sign legibility distances to a useful level of
accuracy.16
(4) The model was then exercised to develop families of curves describing
legibility distances provided by various retroreflective material combinations in a
variety of signing situations.
The results of their study indicated that more highly reflective backgrounds permit
somewhat greater legibility distances. They also mentioned that luminance
contrast requirements are lowest for highly reflective backgrounds and increase as
background reflectivity decreases.
2.2 Human Visual Capabilities
The structure of the human visual system needs to be discussed in order to gain
understanding of the human visual capabilities, before starting the discussion of
the methodology of the experiment.
Physiologically, the visual system involves both eyes and brain, and psychologically
it involves both immediate stimulation and past experience. The eye can be
considered as a bag of jelly held in shape by the pressure of the fluids it contains.
The structure of the eye is often likened to a camera. The eye produces an image
on a photochemically sensitive surface by means of a lens, and the amount of
light admitted Is controlled by an aperture, the iris.17
2.3 The Eye
2.3.1 External Eye Muscle coordination should be good and the best possible
correction for phorias should be given to the person requiring spectacles for night
driving. Heterophoria is the tendency of the eyes to deviate from their normal
position for visual alignment. Astigmatism, which is a refractive defect of the lens
preventing focusing of sharply defined images becomes much more important
when illumination is less, as the distorted retinal image is more difficult to interpret.
When the eyes are blinked, vision is not possible for the 0.3 seconds the eyes are
closed and is impaired for part of the closing and opening periods for an average
blackout period of about 0.55 seconds. The time between blinks averages 2.8
seconds for men and 3.8 seconds for women.
2.3.2 Internal Eye Changes in interocular pressure interface with
vision and certain diseases like glaucoma may inhibit a person from driving at
night.
Automobile driving at night is done with illumination of about 3025 Kelvin and
Intensities to give a brightness of about 0.003 to 4 footlambertsl (13). Within this
illumination range the eye changes from photopic (cone) to scotopic (rod) vision.
'A unit of luminance (photometric brightness) equal to Vic candela per square foot18
To see, only enough illumination is required for a long enough time to stimulate the
retina. For an object to be visible, it must have sufficient contrast with its
surroundings, and what is seen involves the distribution of light as an image on the
retina, the sensitivity of the retina, the transformation of light energy to nerve
energy, and the integration of the nerve impulses into consciousness in the brain,
2.3.3 Dark Adaptation The outstanding property of the eye is its great ability to
adjust its sensitivity in accordance with the light reaching it.In the dark,
adaptation occurs rapidly for a few minutes and then slowly for well over a half
hour, indicating that two processes are involved.
The retina includes two kinds of light sensitive cells, the rods and the cones
(named for their respective shapes). Cones are receptor cells of the retina
concerned with color vision. Rods are one of the slender, long, sensory bodies in
the retina, which respond to faint light. The rods contain visual purple (rhodopsin)
which is essential for vision in dim light. Cones alone are concentrated at the
optical center of the retina, the thinner fovea, and become less numerous toward
the periphery of the retina. Rods are absent at the fovea and become more
numerous toward the periphery. Color and best detail vision is mediated by the
cones. Rod vision is more sensitive to low illumination . Above a brightness of
about 0.01 foot-lambert, vision is mediated by cones and involves color. At high
intensities the rods probably do not function, or may be inhibited by the cones.19
The lower level of cone vision Is about 0.001 to 0.0001 foot-lambert. Below this only
rod vision occurs. The mesopic region, involving both rods and cones, includes
from about 1 to 0.001 foot-lambert. For night driving we use mesopic and
photopic vision and are concerned with both systems at the critical change-over
region.
2.4 Literature on Sianina Material
Colomb and Michaut (7), studied the legibility of retroreflective road markings,
and in particular, signs. They mentioned that the legibility depends on many
parameters, notably the luminance contrast between the message and the
background of the sign. Their study was aimed at determining how variations in
the retroreflection coefficient, which defines the intensity of the light reflected per
unit of retroreflective sheeting surface for a certain degree of illumination
received, affect visibility distance at night for a driver at the wheel of his vehicle,
the headlight of which illuminate the sign. The signs used in their study were on a
scale of approximately 1/10 th of their actual dimensions. The observation was
made at 18 meters, and letter height was 4, 3, and 2 centimeters. The line width
of the letter was about one fifth of the letter height. Various symbols were studied:
words, series of letters, and Lando It rings.
Their study showed that the legibility of road signs depends on numerous
parameters. The retroreflective sheeting quality has a limited influence on legibility20
distance, The height of the characters used appears to have a preponderant
and limiting effect on the legibility distance because of its direct dependence on
visual acuity. An evaluation of the illuminance received on the signs shows that
this parameter can lead to variations in the legibility distance that may be twice
as large as those due to film characteristics.
In another study, lmbeau (14), studied the effects of instrument panel luminance
and chromaticity on reading performance and preference in simulated driving.
Twenty four subjects from three different age groups read words presented on two
displays emulating written legends on automobile instrument panels while driving a
simulated vehicle in nighttime conditions. The words were presented in eight
different chromaticities, two brightness levels, four character sizes, and two levels
of word complexity. A mixed-factor design was used that included 4 within
subjects factors (chromaticity, brightness, character size, and word complexity)
and two between subjects factors (gender and age group). Eight different
chromaticities (blue, green, orange,light blue, red, reddish orange, white and
amber) were used in the experiment. Each chromaticity was presented at two
brightness levels (low and high).It was concluded that character size appeared
to be the most important of the variables, and its limits were imposed by older
drivers. Chromaticity did not appear to have a significant effect on driving and
reading performance. Brightness had an effect on performance only. Word
complexity exhibited significant effects on both glance and response times.21
2.5 Influence of Tinted Windshield Glass on Visual Functions
Another important issue for nighttime driving is the influence of tinted windshield
glass on visual functions. Tinted windshields consist of a bluish-green filter material
laminated between two sheets of safety glass. The thickness of each glass is 1/8
inches. The lower three-quarters of a windshieldare uniform in density but the
upper one-quarter represents a darker band increasing in density toward the top.
Wolf, McFarland, and Zigler (26), studied the influence of tinted windshield glass on
five visual functions. The purpose of their studywas to investigate, by laboratory
tests, effects of tinted windshield glass upon various visual functions. Dark
adaptation, recovery from light shock, visual acuity, depth perception, and
visibility under glare conditions were studied. The results were compared with
those obtained when no filters or filters of different absorptive properties were
used. The results of their tests indicated that there was no advantage in using
tinted windshields.
In another study, Huber (10), studied the characteristics of heat absorbing glass
for passenger cars with regard to climate perception and visibility of the driver.
Heat absorbing glass can be attained by permeating iron oxide (green coloring)
or by vaporizing, which cause metal color or reflecting effect. Practical road-test
runs were carried out on public roads under different conditions in light and
climatic environments. The results of the study indicated that heat-absorbing22
vehicle glazing leads to a reduced level of strain on the drivers, and improved
processing if information, especially with poor drivers.
McFarland, Domey, Warren, and Ward (17), measured the relative effects of light-
absorbing, clear, and tinted windshield glass on the terminal levels of dark
adaptation in a large sample of subjects who varied widely in age. The results of
their study showed that dark adaptation efficiency drops sharply as age increases.
It was also indicated that filters of all types including sections of tinted windshields
interfere with major visual functions.Chapter III
Method and Procedure
3.1 Study Approach
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Most authors, as mentioned in the literature review section, have indicated that
there is confusion with some of the FHWA sign colors used in the highways,
especially for red, orange, yellow and green colors when illuminated by various
fixed HID light sources. However, none of the articles have addressed the issue of
recognition of retroreflective colors, viewed in a retroreflective mode, when
illuminated by headlights only or by a combination of headlights and various HID
sources.
Therefore, laboratory research was needed to verify that the retroreflective colors
are recognized accurately when viewed under nighttime conditions with both
headlights only and headlights and fixed sign lighting, as well as under daytime
conditions. In addition, it needs to be verified if changing the chromaticity
specifications for highway signs from FHWA to the ANSI safety color specifications
would improve the recognizability of highway sign colors.
In order to do the laboratory test, subjects were needed to determine the
percentage of people who could not identify the color of signing materials24
correctly when illuminated by a combination of different light sources. Subjects
should be equally distributed among the driving population between males and
females in different age groups to represent the true driving population. The test
equipment in the experiment consisted of different light sources, highway sign
color samples, and headlights. Figure 3 shows a schematic of the experimental
setup.
To provide proper geometry between the highway signs, the lighting equipment,
and the observer, a test distance (the distance between the retroreflector
reference center and the observer) of at least 50 feet is required. The observation
angle, 81, as seen in Figure 4, is the angle between the illumination axis and the
observation axis. This angle is, for most driving conditions, between 0.2 to 0.5
degrees. The entrance angle, 82, is the angle between the reference axis and the
illumination axis. For most sign locations, this angle is usually between -4 to 30
degrees2.
2Standard Specifications for Construction of Roads and Bridges on Federal Highway
Projects, FP-85, 1985, U.S. Department of Transportation, Federal Highway Administration, p.
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Figure 4. Schematic of Observation and Entrance Angles
As mentioned in the article by Collins (4), setting theaccuracy of the observation
angle is critical and can cause substantial changes in coefficients of luminous
intensity and chromaticity. Therefore, the study shoulduse a range of observation
and entrance angles which simulate thoseseen by a motorist approaching a
highway sign.
3.1.1 Subjects The Turner-Fairbank Highway Research Center maintainsa subject
pool from the driving public who have either participated in previous studiesor
have indicated their willingness to participate in upcoming studies. Subjectswere
selected equally from females and males and divided Intogroups of under 25, 26-
45, 46-65, and over 65 years ofage to represent different groups of drivers. All
subjects were licensed drivers. Their visual acuitywas tested to verify a threshold
of 20/40 corrected. Subjects were also givena color vision test to verify lack of27
deficiency. The subject's visual acuity was checked using the ORTI-10-RATER
instrument, and the subject's color deficiencies were checked by using 16 of the
Ishihara plates for color blindness.
3.1.2 Laboratory Experiment The laboratory experiment was conducted to
evaluate the color recognition of retroreflective signing materials under headlights,
various light sources and headlights, and daylight.
In order to have an entrance angle between -4 to 30 degrees, the retroreflective
material was placed on a sign post with the bottom of the sign at 8 feet ( see
Figure 3). The various light sources were placed approximately 4 feet below, and
2 feet in front of the sign post and aimed at the sign to produce approximately
even illumination over the entire signing material at an angle which produces
diffuse illumination. This geometry is typical of most sign lighting installations.
The light sources were contained in a box with openings at the bottom to allow
airflow around the lamps. Partitions between the individual lamps prevented light
from one source to become mixed into the light emitted by adjacent lamps. The
light source box could be rotated to only allow one of the lamps to illuminate the
signing material at a time.
Each subject was given an instruction sheet as how to respond. Subject's
Instruction sheet is enclosed in Appendix D. The sequence of the color samples28
were changed at random, as well as the fixed light sources so that each subject
would go through a different sequence than the otherone. Half of the subjects
started the sequence with the metal halide headlight, and the other half started
with the tungsten- halogen headlight. Subjects went through the nighttime lighting
first, and then they viewed the signs under daytime lighting by using two
fluorescent lamps which were contained ina box.
Subjects were asked to identify the color of the retroreflective sign when
illuminated by both the fixed sign lighting and the headlights,as well as without
the fixed light sources. Subjects were also asked to identify the color of signs
under daytime lighting. The sequence for the daytime viewing was the same for
all the subjects. For the daylight viewing of the signing materials, a daylight
simulator was used which was designed and constructed at the Turner Fairbank
Highway Research Center. This equipment is basically a semi cylindrical drum, 48
inches long and having a diameter of 48 inches. The inner surface is finished with
a non-selective diffuse white paint; the outer surface is painted flat black. Two 48
inch long 40 watt full spectrum fluorescent lamps of daylight type can be installed
either inside the fixture or external. In the first case, with the lamps installed inside
and against the concave white surface, the lighting condition produced simulates
diffuse daylight, such as in open shade or sunlight. Figure 5 shows the daylight
simulator equipment used in the experiment.Figure 5. Daylight Simulator
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3.1.3 Retroreflective Sheeting Types There are basically three types of
retroreflective sheeting used (18). Type II and type IIA, commonly known as
engineering grade and super engineering grade, are both enclosed lens type
sheeting with the main distinction between the two being a higher quality glass
bead in type This type sheeting has an effective performance life of at least 5
to 7 years for engineering grade and 7 to 10 years for super engineering grade.
Unit costs for engineering grade run from S0.60 to S1.00 per square foot and from
$1.60 to S1.90 per square foot for super engineering grade.
The next type, commonly known as high intensity grade, has two classes also, type
IIIA and IIIB. Both are encapsulated-type sheeting with type IIIA made of glass
beads and type IIIB made of prismatic reflectors. Both types provide much higher30
brightness than both type II and IIA. This type sheeting has a performance life of
at least 10 years and costs approximately $3.00 per square foot.
The diamond grade sheet is a prismatic lens reflective sheeting designed for the
production of durable traffic control signs. This type of sheeting is a new material
and the signing materials' manufacturer's are experimenting with it at this time.
The diamond grade sheeting costs approximately $5.15 per square foot.
The retroreflective signs used in the experiment were 1 foot by 2 feet and three
different grades of sheeting (engineering, high intensity, and diamond grade)
were used.
The various light sources used were clear and coated mercury, coated metal
halide,and high pressure sodium lamps. The headlights used were tungsten
halogen and metal halide.
3.1.4 Instrumentation The experiment was performed in Tunnel number 4 of the
structures laboratory, in the Turner building at the FHWA research facility in
McLean, Virginia. This tunnel is approximately 110 feet long, 8 feet wide, and 9
feet high. The walls and the ceiling of the tunnel were covered with black paper
to simulate a nighttime driving situation, and to reduce reflectivity from the walls.
A workstation for the subjects was designed with an opening provided for the
subject's viewing of the sign color samples.31
The headlights were mounted on the other side of the workstation ata height of
about 3.5 feet. The geometry used and the luminous intensity provided by the
headlights simulated a 400 feet real world condition witha sign mounted on the
right hand side of the road about 8 feet above the road surface. The intensity of
the headlight used was about 0.2 lux,
Subjects sat in an adjustable chair approximately 50 feetaway from the signing
material with their eye height at the design driver'seye height of 3.5 feet. The
headlight was placed in front of the subjects to simulate the geometric
relationship between the driver's eyes andan automobile's headlights. The
headlights were aligned similarly to automobile headlights and the intensity was
adjusted by means of neutral density filters to simulate real world conditions. The
neutral density filters were used to reduce the luminous intensity of headlights to
0.2 lux.
The apparatus for the experiment consisted principally of an Apple Ile
microcomputer, one electric motor, various light sources, and an array of sign
color samples. The fixed light sources including the Phosphor Coated Mercury, the
Clear Mercury, the Coated Metal Halide, and the High Pressure Sodium were
contained in a ventilated box.Partitions between the individual lamps prevent
light from one source to become mixed into the light emitted by adjacent lamps.
The above four fixed light sources were used because these are the ones normally
used for sign lighting.32
The Apple Ile microcomputer was used for operating the electric motor to
generate random movements of the light sources. By using a computer program
written in Basic language, the box can be moved clockwise or counter-clockwise
any number of positions between 1 and 9.
The reaction time apparatus for collecting the subjects' response time consists of a
counter/timer, a shutter for a 4 in. by 1 in. opening which is at the subject's work
station, one power supply, one subject response button, and one experimenter
control button. The experimenter pushes the experimental control button which
opens the shutter and starts the timer, and the subject pushes the subjects
response button which closes the shutter and stops the timer. The counter/timer
was at the experimenter's work station.
Each subject was instructed as how to use the time apparatus. When the shutter
was opened for the subjects to look at each individual sign, each subject had to
push the subject's response button as soon as they had recognized the color of
the sign. This would close the shutter and stop the timer. Subject's instruction
sheet is enclosed in Appendix D.
3.2 Statistical Analysis
For each color sample seen under various light sources and headlights, the
subjects were asked to identify the color they recognized. Their responses were33
identified as correct or incorrect and for each color sample a table was
constructed to summarize the subjects' responses.
Since the data collected in the experiment were of nominal scale and
dichotomized as "yes" or "non, and no previous knowledge of the population
distribution was available, nonparametric tests were the best choice to determine
any significant differences between different light sources. Hence, Cochran's Q-
test was executed to determine whether the performance of each light source
based on the subject's responses were statistically different for the illumination of
various sign colors.
Chi-Square comparisons were made to compare various light sources and rate
them based on their overall performance. The discussion for the test for two
independent samples is presented in section 3.2.3.
3.2.1 The Cochran Q-test The Cochran test is particularly suitable when the data
are in a nominal scale or are dichotomized ordinal information since the subject's
responses can be identified as either correct (1) or incorrect (0), and the total
frequencies for each row and column can be computed for data analysis.
A wide variety of research hypotheses can be analyzed by the Cochran test. For
example, one might test whether the various items on a test differ in difficulty by
analyzing data consisting of pass-fail information on k items for N individuals. On34
the other hand, onlyone item can be analyzed, and responses of N subjects
under k different conditionscan be compared. In this study, by using the Cochran
Q-test, the research hypothesiscan be analyzed to see if the four fixed light
sources used in the experiment showed significantlydifferent performance for
illuminating the various signingmaterials.
3.2.2 Method If the data collectedare arranged In a table like Table C-1
(Appendix C) consisting of Nrows and k columns, it is possible to test the null
hypothesis that the proportion(or frequency) of responses of a particular kind is
the same in each column.
Then, if the number ofrows is not too small we can say that
(2-
k(k-1) E (Gra)2
3=1
N N
kZ L.T
1=12=1
is distributed approximatelyas chi square with df=k-1,
whereGj = total # of successes(or l's) in jthcolumn
G = mean of G
= total # of successes(or 1's) in the ith row35
A more simplified form of the formula above is:
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Since the sampling distribution of Q is approximated by the chi-square distribution
with df=k-1, the probability associated with the occurrence under the null
hypothesis (Ho) of values as large as an observed Q may be determined by
reference to the Chi square tables.
If the observed value of Q is equal to or greater than that shown in the table for a
particular significance level and a particular value of df=k-1, the implication is that
Ho may be rejected at that particular level of significance.
3.2.3 The Test For Two Independent Samples When the data consists of
frequencies in discrete categories, the test may be used to determine the
significance of differences between two independent groups.
The null hypothesis may be tested by
rk
X2= E (Oij;Eij)2
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where Ou =observed # of cases categorized In ith row of jth
column
=number of cases expected under H to be categorized in ith
row of jth column36
To find the expected frequency for each cell (Eu), multiply the two marginal totals
common to a particular cell, and then divide this product by the total number of
cases N.
The values of X2 are distributed approximatelyas chi square with df= (r-1)(k-1)
where r= the number of rows, and k= the number of columns in the contingency
table.
With a small value of X2 we may not reject the null hypothesis that the two sets of
characteristics are independent of each other. The larger X2 is, the more likely it is
that the two groups differ with respect to the classifications.
3.3 Pilot Study
A pilot study was performed to obtain information about subject responses and
test instrument performance.
This study was conducted in two parts using 10 subjects chosen from FHWA staff.
In the first part of the study, five colors (blue, green, red, yellow, and orange) were
used. Only FHWA engineering grade materials were used in this phase. Four
different fixed light sources were used for illuminating the color samples. These
include the phosphor coated mercury, the clearmercury, the metal halide, and
the high pressure sodium lamps. In addition to the four different fixed light sources,37
one type of headlight was used. Since the metal halidelamp will be used in the
near future in automobiles, only thissource was evaluated in the pilot study. For
this part of the pilot study 4 replicationswere done in order to compare the
consistency of human performancewith respect to vision and also to have the
same total number of observations for each subjectas in the final experiment
Itself. The independent variableswere the color samples and the replications, and
the controlled variableswere the headlight (metal halide), and the grade (FHWA
engineering grade). The dependentvariables were the accuracy (correct
response), and the response time.
The order of color samplesas well as the fixed light sources were randomized for
each subject in order to havea completely randomized experimental design.
In part two of the pilot study, forthe contrast sensitivity, the same five color
samples; green, blue, yellow, red, andorange, were used in FHWA engineering
grade material. The fixed lightsources were the same as part one and again only
the metal halide headlightwas used.
At this stage, two Lando It ringswere used, a black ring and a white ring. The
Lando It rings were used to check thecontrast sensitivity in order to determine if
the position of the gaps on blackor the white ring would be recognized correctly
on each of the five color samples used in the pilot study.These rings are about 50
mm in diameter with a stroke width of 10mm and a gap width of 10 mm. TheE
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Table 2 - Summary of Correct Responses for White Landolt Ring Under
Different Illuminants Using the Metal Halide Headlamp
(Number of Correct Identifications from a Total of 10)
Colors HPS Clear Coated Coated
Mercury Mercury Metal Halide
GREEN 10 10 10 10
BLUE 10 10 10 10
YELLOW 10 10 10 10
ORANGE 7 9 8 7
RED 9 10 9 10
TOTALS 46 49 47 47
Table 3 Percentage of Correct Recognition of White Landolt Ring
Under Different Illuminants and the Metal Halide Headlamp
Colors HPS Clear
Mercury
Coated
Mercury
Coated
Metal Halide
GREEN 100% 100% 100% 100%
BLUE 100% 100% 100% 100%
YELLOW 100% 100% 100% 100%
ORANGE 70% 90% 80% 70%
RED 90% 100% 90% 100%
Averages 92% 98% 94% 94%42
Table 4 Summary of Correct Responses for Black Landolt Ring Under
Different Illuminants Using the Metal Halide Headlamp
(Number of Correct Identifications from a Total of 10)
Colors HPS Clear Coated Coated
Mercury Mercury Metal Halide
GREEN 4 8 7 7
BLUE 6 5 6 6
YELLOW 9 9 9 8
ORANGE10 10 9 10
RED 10 9 8 10
TOTALS 39 41 39 41
Table 5 Percentage of Correct Recognition of Black Landolt Ring
Under Different Illuminants and the Metal Halide Headlamp
,Colors HPS Clear
Mercury
Coated
Mercury
Coated
Metal Halide
GREEN 40% 80% 70% 70%
BLUE 60% 50% 60% 60%
YELLOW 90% 90% 90% 80%
ORANGE 100% 100% 90% 100%
RED 100% 90% 80% 100%
Averages 78% 82% 78% 82%43
Table 6 Cochran Q-test Results for Various Color Samples (Pilot Study)
COLORQ-VALUE VALUE FROM DEGREES OF RESULTS
TABLE FREEDOM
a=0.05
GREEN0.0 3 CAN'T REJECT Ho
BLUE 0.0 3 CAN'T REJECT H0
RED 5.00 7.82 3 CAN'T REJECT Ho
ORANGE 6.33 7.82 3 CAN'T REJECT Ho
YELLOW 13.41 7.82 3 REJECT Ho
Ho (Null Hypothesis) :Is the performance of each light source based on subjects's
responses statistically different for illumination of various color samples.44
Table 7 - Cochran Q-test Results for the Black Landolt Ring
COLORQ-VALUE VALUE FROM DEGREES OF RESULTS
TABLE FREEDOM
a=0.05
GREEN 8.08 7.82 3 REJECT Ho
BLUE 3.00 7.82 3 CAN'T REJECT Ho
RED 3.00 7.82 3 CAN'T REJECT Ho
ORANGE2.00 7.82 3 CAN'T REJECT Ho
YELLOW3.00 7.82 3 CAN'T REJECT Ho
Table 8 - Cochran Q-test Results for the White Landolt Ring
COLORQ-VALUE VALUE FROM DEGREES OF RESULTS
TABLE FREEDOM
a=0.05
GREEN 0.0 3 CAN'T REJECT Ho
BLUE 0.0 3 CAN'T REJECT Ho
RED 0.0 3 CAN'T REJECT Ho
ORANGE3.00 7.82 3 CAN'T REJECT Ho
YELLOW2.54 7.82 3 CAN'T REJECT Ho
Ho (Null Hypothesis) : Is the performance of each light source statistically
different for the contrast sensitivity for the White (Black)
ring based on subject's responses for various color
samples.45
Chapter IV
Collection and Analysis of Data
Data for the experiment were collected using 40 subjects divided equally between
males and females in 4 different age groups of under 25 years old, between 26
and 45 years old, between 46 and 65 years old, and over 65 years old. The
subjects' data are included in appendix D.
A total of twelve color samples (seven yellow colors, three red colors, and two
orange colors) in two different standards (FHWA and ANSI) and three different
grades (engineering grade, high intensity, and diamond grade) were used in the
experiment. The luminance data and color coordinates in x-y space of the signing
materials under the different illuminants are included in Appendix E (Tables El
through E17). Also included in Appendix E are the luminance data and color
coordinates in x-y space of the light sources used in the experiment.
Each subject's response in terms of the identification of the color of signing
materials were recorded as well as the response times.Each subject's response
was recorded as either correct (1) or incorrect (0).46
Table 9 shows the number of subjects (out of a total of 40) who correctly identified
the various color samples as illuminated by the tungsten-halogen headlight and
various fixed light sources. Table 10 shows the same findings expressed as
percentages. Inspection of Tables 9 and 10 shows that each fixed light source
performed differently for Illuminating the signing materials. Clear mercury
performed poorly while the coated metal halide performed better than the other
light sources.
Table 11 shows the number of subjects who correctly identified the various color
samples as illuminated by the metal halide headlight and various fixed light
sources (high intensity discharge lights). Table 12 shows the same findings
expressed as percentages. Inspection of Tables 11 and 12 shows again that the
clear mercury performed poorly while the coated metal halide and the high
pressure sodium lights performed better than the other light sources.
Detailed responses and the frequency of various color names given to each color
sample are given in Appendix F. Tables Fl through F17 show the same color
namings. As it can be seen, some of the different yellow color samples were
confused with green, lime, olive, orange, or gold while there were very few
confusions for the red and the orange color samples. The red color sample was
confused with the orange color (less than 20%) and the orange color sample was
confused with yellow color at times (less than 20% of the total responses).Table 9 -
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Summary of Correct Responses Under Different Illuminants Using the
Tungsten Halogen Headlight (Number of Correct Identifications from a Total
of 40).
COLORS
LIGHT SOURCES
HPS Clear
Mercury
Coated
Mercury
Coated
Metal
Halide
3M DG ANSI YELLOW 27 32 35 33
3M HI ANSI YELLOW 24 9 21 29
3M EG ANSI YELLOW 21 0 2 14
AVERY EG ANSI YELLOW 28 1 1 8
3M DG FHWA YELLOW 25 23 24 25
3M HI FHWA YELLOW 17 30 24 27
3M EG FHWA YELLOW 21 1 5 20
3M EG FHWA RED 23 36 39 40
3M EG ANSI RED 28 38 40 38
AVERY EG ANSI RED 29 39 40 40
3M EG FHWA ORANGE 34 27 36 37
AVERY EG ANSI ORANGE 24 23 31 32Table 10 -Percentage of
Tungsten Halogen
COLORS
Correct Responses Under Different Illuminants Using the
Headlight.
LIGHT SOURCES
HPS Clear
Mercury
Coated
Mercury
Coated
Metal
Halide
3M DG ANSI YELLOW 67.5% 80.0% 87.5% 82.5%
3M HI ANSI YELLOW 60.0% 22.5% 52.5% 72.5%
3M EG ANSI YELLOW 52.5% 0.0% 5.0% 35.0%
AVERY EG ANSI YELLOW 70.0% 2.5% 2.5% 20.0%
3M EG FHWA YELLOW 52.5% 2.5% 12.5% 50.0%
3M DG FHWA YELLOW 62.5% 57.5% 60.0% 62.5%
3M HI FHWA YELLOW 42.5% 75.0% 60.0% 67.5%
3M EG FHWA RED 57.5% 90.0% 97.5% 100.0%
3M EG ANSI RED 70.5% 95.0% 100.0% 95.0%
AVERY EG ANSI RED 72.5% 97.5% 100.0% 100.0%
3M EG FHWA ORANGE 85.0% 67.5% 90.0% 92.5%
AVERY EG ANSI ORANGE 60.0% 57.5% 77.5% 80.0%
AVERAGES: 62.71% 53.96% 62.08% 71.46%
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Table 11 - Summary of Correct
Halide Headlight
COLORS
Responses Under Different Illuminants Using the Metal
(Number of Correct Identifications from a Total of 40).
LIGHT SOURCES
HPS Clear
Mercury
Coated
Mercury
Coated
Metal
Halide
3M DG ANSI YELLOW 31 25 34 34
3M HI ANSI YELLOW 31 5 15 22
3M EG ANSI YELLOW 24 2 6 22
AVERY EG ANSI YELLOW 33 2 3 10
3M EG FHWA YELLOW 23 1 4 24
3M DG FHWA YELLOW 32 31 30 30
3M HI FHWA YELLOW 28 30 30 29
3M EG FHWA RED 23 31 38 39
3M EG ANSI RED 29 38 39 40
AVERY EG ANSI RED 34 36 40 40
3M EG FHWA ORANGE 37 26 36 34
AVERY EG ANSI ORANGE 36 24 30 3750
Table 12 Percentage of
Metal Halide Headlight.
COLORS
Correct Responses Under Different Illuminants Using the
LIGHT SOURCES
HPS Clear
Mercury
Coated
Mercury
Coated
Metal
Halide
3M DG ANSI YELLOW 77.5% 62.5% 85.0% 85.0%
3M HI ANSI YELLOW 77.5% 12.5% 37.5% 55.0%
3M EG ANSI YELLOW 60.0% 5.0% 15.0% 55.0%
AVERY EG ANSI YELLOW 82.5% 5.0% 7.5% 25.0%
3M EG FHWA YELLOW 57.5% 2.5% 10.0% 60.0%
3M DG FHWA YELLOW 80.0% 77.5% 75.0% 75.0%
3M HI FHWA YELLOW 70.0% 75.0% 75.0% 72.5%
3M EG FHWA RED 57.5% 77.5% 95.0% 97.5%
3M EG ANSI RED 72.5% 95.0% 97.5% 100.0%
AVERY EG ANSI RED 85.0% 90.0% 100.0% 100.0%
3M EG FHWA ORANGE 92.5% 65.0% 90.0% 85.0%
AVERY EG ANSI ORANGE 90.0% 60.0% 75.0% 92.5%
AVERAGES: 75.21% 52.30% 63.54% 75.21%51
As was mentioned in earlier chapters, different light sources used for illuminating
the signing materials affect the appearance of colors to varying degrees. One of
the major factors affecting color appearance is the spectral composition of the
light source. Absence or over abundance of a particular frequency In the
spectral energy distribution in a light source may cause serious distortion of that
color. The low pressure sodium, for example, emits monochromatic yellow energy
(single wavelength only). As a result, the only colors which can be distinguished
under this light are yellow or orange. All other colors are distorted, and that was
why this light source was not used in the experiment.
4.1 Statistical Analysis
4.1.1 Analysis of Variance for the Response Times In order to find out If there was
significant difference between males and females, and also between the four
different age groups who participated in the experiment, analysis of variance was
done.
With respect to the sexes, males and females, it was found that there was no
significant difference between them. It was also found out that there was no
significant difference between the four different age groups in terms of their
response times.52
For the two different standards, the FHWA and the ANSI standards, therewas
significant difference (F=5.42, P.0252) between them. In terms of the differences
between the different colors (engineering grade only), analysis of variancewas
done, and It was found that there was significant difference between theorange,
red, and yellow colors (F=59.143, P=0.0001).It was shown that the engineering
grade red was recognized faster than the engineering grade yellow, and the
engineering grade yellow was recognized faster than the engineering grade
orange under nighttime driving situation.
In terms of the four different fixed light sources used in the experiment, namely the
high pressure sodium, the coated mercury, the clear mercury, and the coated
metal halide lights, it was found that there was significant difference between
them.
For the combination of fixed light sources and headlights, analysis of variance
indicated that there was no significant difference between them. In other words,
the headlights (tungsten-halogen, and metal halide) were not the main source of
confusion for sign lighting, but some of the fixed light sources distorted the color of
the signing materials.
In terms of the headlights used in the experiment (the metal halide and the
tungsten halogen headlights), the analysis of variance indicated no significant
difference between the two headlights.53
4.2 Analysis of Color Naminas
Figure 7 shows the percent correct color identification under the metal halide and
under the tungsten halogen headlights. As it is seen, the only color sample which
was not identified correctly (less than 40 % correct) most of the time under these
headlights was the engineering grade yellow color sample in both the FHWA and
ANSI specifications.
Figures 8 through 10 show the percent correct color identification under daytime,
under the headlights alone, and under the combination of headlight and fixed
light sources. Inspection of these figures show that the only color which was
confused under daytime was the diamond grade yellow color in both ANSI and
FHWA specifications. All the other colorswere identified correctly under daytime.
For nighttime, however, under headlight alone, the engineering grade yellow color
sample in both the FHWA and ANSI specifications performed poorly. This was the
case for the combination of headlight and fixed light sources also.P
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Figure 7. Percent Correct Color IdentificationUnder the Metal Halide and the
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4.2.1 Q-test Results Cochran Q-test results for various colors under different fixed
light sources and headlights are summarized in Tables 13 and 14. As it is seen, the
FHWA as well as the ANSI diamond grade yellow color showed significant result.
This basically means that no matter what light sources are used for illuminating
these colors, their color may still be confused at nighttime. By looking at Figure 8,
it is seen that the diamond grade FHWA yellow color, even under daytime
viewing, was only identified correctly less than 40 percent of the time. This color
was mainly confused with green or orange colors. The ANSI engineering grade
orange color also may be confused when illuminated by the tungsten halogen
and other fixed light sources. The FHWA high intensity yellow color may be
confused when illuminated by the metal halide headlight and other fixed light
sources.
As was mentioned in previous sections, the fixed light sources used for illuminating
the signs at night are the main source of confusion, and the headlights do not
distort the color of the signs as much as the fixed light sources. By looking at
Figure 8, it is noticed that under the metal halide headlight as well as under the
tungsten halogen headlight, only the engineering grade yellow color sample was
confused, and the other color samples were identified correctly more than 70
percent of the time.59
Table 13 Cochran Q-test Results for Various Colors Under Different Fixed Light
Sources and Tungsten Halogen Headlight (a=0.01)
COLORS Q-VALUE D.F. PROBABILITY
3M FHWA EG YELLOW 38.15 3 5 0.001
3M ANSI EG YELLOW 39.55 3 5 0.001
AVERY ANSI EG YELLOW 61.12 3 5 0.001
3M FHWA HI YELLOW 14.68 3 5 0.005
3M ANSI HI YELLOW 25.50 3 5 0.001
3M FHWA DG YELLOW 3.00 3 5 0.50
3M ANSI DG YELLOW 6.22 3 5 0.10
3M FHWA EG RED 38.28 3 5 0.001
3M ANSI EG RED 25.14 3 5 0.001
AVERY ANSI EG RED 28.67 3 5 0.001
3M FHWA EG ORANGE 14.64 3 5 0.005
AVERY ANSI EG ORANGE 10.0 3 5 0.025
Table 14 Cochran Q-test Results for Various Colors Under Different Fixed Light
Sources and Metal Halide Headlight (a=0.01)
COLORS Q-VALUE D.F. PROBABILITY
3M FHWA EG YELLOW 52.47 3 5 0.001
3M ANSI EG YELLOW 43.80 3 5 0.001
AVERY ANSI EG YELLOW 72.23 3 5 0.001
3M FHWA HI YELLOW 0.90 3 5 0.90
3M ANSI HI YELLOW 40.68 3 5 0.001
3M FHWA DG YELLOW 1.39 3 5 0.75
3M ANSI DG YELLOW 9.60 3 5 0.025
3M FHWA EG RED 31.05 3 5. 0.001
3M ANSI EG RED 24.25 3 5 0.001
AVERY ANSI EG RED 13.50 3 5 0.005
3M FHWA EG ORANGE 16.58 3 5 0.001
AVERY ANSI EG ORANGE 17.69 3 5 0.00160
4.3 Correlation Between the Percent Correct Response and the Distance
from the Light Source
The x,y coordinates for the light source as well as the color samples are plotted in
Figures 11 and 12. Figure 11 shows the points for the color samples when they are
illuminated by the tungsten halogen headlight. As It can be seen, the closest
sample to the light source (tungsten halogen) is the engineering grade ANSI
yellow color, and the percent correct color identification for this color was only 3
percent. As we move further to the other samples, like the diamond grade FHWA
yellow color, the percent correct color identification increases to 78 percent. After
the seven yellow color samples were ranked from 1 to 7 based on their closeness
to the tungsten halogen light source (1 being closest and 7 being furthest), a
regression analysis was done to find the correlation between the percent correct
color identification and the closeness to the light source.It was found that the
correlation coefficient was 0.60, which shows that as we move closer to the light
source the percent correct responses decreases, and as we move further, the
percent correct responses increases. This is justified since if we have a white
sample and this white sample is illuminated by the tungsten halogen headlight,
and we measure the color coordinates, we will get the same coordinates as the
light source. However, as we illuminate a red color sample, as an example, the
coordinates will be shifted to the right hand side of the graph (see Figure 11), and
there will be much less confusion.61
For the case where the sampleswere illuminated by the metal halide headlight
(Figure 12), the regression analysiswas done, and the regression coefficient was
0.63. This also proved that aswe move away from the light source, the percent
correct response increases.0.47
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Chapter V
Conclusion and General Discussion
This report has presented the human visual capabilities for the identification of the
color of highway signs when illuminated by headlights and fixed lightsources.
One of the objectives of this researchwas to provide information about human
visual capabilities with respect to the recognition of different colors under daytime
and nighttime lighting. The other objectivewas to see if there is enough evidence
that changing the specifications for highway colors from the FHWA to ANSI safety
color specifications would improve the recognizability of retroreflective colors. In
addition, it was needed to see if there was any significant difference between the
two headlights used in the experiment, namely the tungsten halogen and the
metal halide headlights.
5.1 Summary of Findings
With respect to daytime versus nighttime recognition of colors, itwas observed
that the only color samples which were confused under daytimewere the
diamond grade yellow color in both the ANSI and FHWA specificafions. All the
other color samples were identified correctly under daytime. For nighttime,
however, under the headlight alone as wellas under combination of headlight65
and fixed light sources, the engineering grade yellow color samples in both the
FHWA and ANSI specifications performed poorly. In general, the red and the
orange color samples were identified more accurately than the yellow color
samples at nighttime.
For the differences between the two headlights, the tungsten halogenversus the
metal halide, analysis of variance for theresponse times indicated that there was
no significant differences between them. This was the case for the comparison
between the combination of tungsten halogen and fixed lightsources versus
metal halide and fixed light sources also.
The chi-square comparison of the four fixed lightsources, namely the coated
metal halide, the clear mercury, the coated mercury, and the high pressure
sodium, showed that each light source performed differently than the otherone.
In general, the coated metal halide light performed better than the otherones,
while the clear mercury light performed poorly.
For the FHWA versus the ANSI color samples, itwas found that, in general, for the
engineering grade yellow color and the engineering grade red color samples, the
ANSI colors performed better than the FHWA colors. On the other hand, for the
engineering grade orange color sample the FHWA color performed better than
the ANSI. The high intensity and the diamond grade yellow color samples, in both66
the FHWA and the ANSI specifications, performed better than the engineering
grade yellow colors.
For the high intensity grade yellow, in general, the FHWA performed better than
the ANSI, while for the diamond grade, the ANSI performed better than the FHWA
colors.
With respect to the four age categories in the study, the analysis of variance
showed no significant differences between the four age groups, in general. This
was the case for the differences between males and females, in general, also.
5.2 Recommendations
In terms of fixed light sources to be used at nighttime for illumination of signing
materials, since the coated metal halide performed superior, this light source
would be a good choice for sign lighting. For the headlights, there was no
difference actually found between the tungsten halogen and metal halide
headlights.
For the yellow color sample, it was found out that, at nighttime, both the diamond
grade and the high intensity grade were recognized easier and with much less
confusion than the engineering grade yellow colors. The red color sample was67
recognized correctly most of the time at nighttime, while therewas a lithe
confusion for the orange color sample. However, the red and the orange color
samples were recognized more correctly than the yellow color sample.
With respect to the two different specifications, the ANSIversus the FHWA, for the
yellow color, the ANSI colors performed better than the FHWA. For the red color,
there was not a big difference between the two standards, and for theorange
color, the FHWA color performed better than the ANSI color.
In terms of the recommendations, basedon the analysis of results they are
summarized as below.
1. For the yellow color sample, use the high intensity FHWA yellow. However, if the
diamond grade yellow which is experimental at this stage, is to be used sometime
in the future, the ANSI color should be used.
2. For the red color sample, the engineering grade FHWA color should be used.
3. For the orange color sample, the engineering grade ANSI color is
recommended since it performed better than the other one.68
4. For the illumination of signing materials at night, it is recommended touse the
coated metal halide light source since this light source does not distort the color of
the signs at night.
The above recommendations need an economic analysis to identify the benefits
and costs associated with implementing the recommendations. In terms of the
costs and useful life for the different grades of signing materials, they were
mentioned in chapter three. Table 1 also indicates the cost of fixed light sources.
However, in terms of the benefits of implementing the recommendations, data has
to be collected, and based on that the benefits should be identified. After that a
benefit cost analysis should be done.
In terms of future research in this area, the other highway colors especially the
blue and the green colors in all the three different grades should be included in
an experiment. The influence of tinted windshield glass on visual functions should
be investigated at nighttime with the new metal halide headlight. It would also
be useful to determine the validity of the laboratory experiment by actually
performing a real world experiment outside the laboratory environment.69
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Appendix A
Color Specification Systems
(From Wyzecki and Stiles, 1967)
A number of color appearance and specifications systems have been developed
so that one person can understand what another person means by the term 'red"
or any other color.
Major systems include: the Munsell system, the CIE (International Commissionon
Illumination) x,y and CIELAB chromaticity systems.
The Munsell system is a system of surface color specification basedon
perceptually uniform color scales for the variables: hue (or nominal color), value
(lightness), and chroma (saturation).
Color is specified by a set of numbers and letters representing hue, value/chroma.
Thus, 5R 4/10 indicates a particular red, of value 4 and chroma 10. Munsell has
also developed a set of 1600 color chips to represent thisspace. Figures A-1 and
A-2 show the Munsell color wheel.
The CIE system is based on the principle that three fixed color lights (or 'primaries")
can be mixed to match any color. The three primaries (red, green, and blue) are
termed tristimulus values. Figure A-3 shows the CIE chromaticity diagram.
The CIELAB system is based on the idea ofan opponent color space in which red-
green form a dimension, yellow-blue another, and black-white another. In the
CIELAB system, 'a' represents the red-green dimension, with positive values being
red, and negative values being green. 'b' represents the yellow-blue dimension
with positive values being yellow, and negative values being blue, and 'V
represents a lightness. Figure A-4 shows the CIELAB chromaticity diagram.Figure A-1.Munsell Color Wheel
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Appendix B
Brief Description of Fixed Light Sources and
Related Figures,
(From IES Lighting Handbook, 1981 Reference Volume)
The following light sources are some of the lights to be used in the experiment:
1. Incandescent lamps (including Tungsten-Halogen)
2. Fluorescent lamps
3. Mercury vapor lamps
4. Metal halide lamps
5. High pressure sodium lamps
Incandescent Lamps
The incandescent lamp is probably the widest known and most commonly used
light source today. However, its uses for roadway illumination is limited due to high
energy consumption and its relatively short life.
The major parts of incandescent lamp are the filament, the bulb, the gas fill, and
the base (see Figure B-1).Light is produced when an electric current of sufficient
magnitude passes through the filament and heats it to incandescence. This
filament is an electrical resistant element (usually tungsten wire) enclosed in a
sealed glass envelope called the bulb.
The base is a fabricated metal shell which provides a means of connecting the
lamp bulb to the socket. The base is electrically connected to the filament and
mechanically attached to the glass envelope. Luminous efficacies of
incandescent lamps are between 15 and 25 lumens per watt.
The spectral energy distribution diagrams of a typical incandescent lamp is shown
in Figure B-6. As it can be seen from the diagrarn, the incandescent lamp emits77
energy from all the visible colors of the spectrum, with a lot of red in it.
Tungsten Halogen Lamps
Tungsten-halogen lamps operate on a principle similar to the incandescent lamps;
however, they use a special quartz tabular envelope (Figure B-2), are much
smaller sized than standard incandescent lamps of the same wattage, and have
a halogen (i.e., iodine, fluorine, bromine) added to the standard fill gas.
Figure B-1. Typical Construction of an Incandescent Lamp
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Figure B-2. Typical Construction of Tungsten-Halogen Lamp78
Fluorescent Lamp
The fluorescent lamp is an electric discharge source in which light is produced
predominantly by fluorescent powders activated by ultraviolet energy generated
by a mercury arc. The lamp, usually in the form of a long, tabular bulb with an
electrode sealed into each end, contains mercury vapor at low pressure with a
small amount of inert gas, principally argon, for starting (see Figure B-3).
When the proper voltage is applied, an arcis produced by current flowing
between the electrodes through the mercury vapor. This discharge generates
some visible radiation, or light, but mostly invisible ultraviolet radiation. The
ultraviolet radiation in turn activates the phosphor to emit light.
Certain inherent characteristics of fluorescent lamps restrict their use for highway
lighting. These include a relafively large area from which light is radiated, the
large lamp size which requires bulky and heavy luminaires, and susceptibility to
temperature variations. However, fluorescent lights are best suited for floodlighting
large areas.It also provides excellent color rend ton for almost all colors.
The lamp efficacies of the fluorescent lamp range between 60 and 70 lumens per
watt. Figure B-6 shows the spectral energy distribution of typical fluorescent lamps.
Mercury vapor lamps
The mercury vapor lamp was invented in the 1930's and through the 50's and 60's
has become the most widely used street lighting source. Most mercury lamps are
constructed with two envelopes, an inner envelope (arc tube) which contains the
gaseous medium and the electrodes, and an outer envelope which shields the
arc tube from outside drafts and changes in temperature. The outer envelope
usually contains nitrogen which prevents oxidation of internal parts(see Figure B-4).
The most common form of mercury lamp for roadway lighting is the type using a
clear bulb.It produces light at efficacies of 50-6:5 lumens per watt.79
As it can be seen from Figure B-6, there is an absence of red radiation, and most
color objects appear distorted in color rendition. This poor color rendition led to
the development of mercury lamps with a phosphor coating applied to the inside
wall of the outer bulb. Depending on the particular phosphors used, color
rendition can be greatly improved. The phosphors convert the ultraviolet radiation
emitted by the arc tube to visible light at selected wavelengths.TUBE FILLED WITH
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High Pressure Sodium Lamps
The most recent addition to the discharge lamp family is high pressure sodium,
with efficacies of up to 140 lumens per watt.
In HPS lamps, light is produced by passing an electric current through sodium
vapor. The sodium vapor emission combined with the mercury emission provides a
soft, pinkish-yellow light.
The material used for the arc tube in this lamp is polycristalline alumina oxide, a
translucent ceramic material capable of withstanding sodium vapor at high
temperatures (see Figure B-5). The arc tube is normally filled with sodium, mercury,
and xenon gas. Figure B-6shows the spectral power distribution for the HPS
lamp.
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Figure B-5. Typical High Pressure Sodium Lamp Construction
Summary of Light Sources
Each of the light sources discussed has its own advantages and disadvantages as
follows.80
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Figure B-6. (continued)Spectral power curves of high-intensity
discharge and incandescent lamps.84
Incandescent
The advantages of this lamp are its low initial cost, excellent optical controllability,
relatively low fixture cost, good color, `INSTANT-ON" characteristics, and no ballast.
Its disadvantages are low luminous efficacy and short life.
Tungsten-Halogen
The advantages and disadvantages of this lamp are similar to those of the
incandescent lamp. The horizontal optical control is poor, and lamp cost is
considerably higher. Tungsten-halogen lamps are often used in conjunction with
the HID lighting systems as emergency lighting providing "instant-on" features.
Fluorescent
Fluorescent lamps have good color characteristics, high luminous efficacies, and
long life. Their main disadvantages in outdoor applications are their relatively
large size, resulting in poor optical control, and their susceptibility to cold
temperatures.
Mercury
Its luminous efficacy is quite good, Its color is fair to good, its size is small enough to
allow good optical control, especially with the clear lamp, and its life is
exceptionally long and dependable.
Metal Halide
Metal halide lamps produce better color at higher efficacies than mercury lamps.
Their life, however, is somewhat shorter, and they are more sensitive to lamp
orientation.If exceptionally good color rendition is required, the metal halide
lamp should be considered.
High Pressure Sodium
This is the newest addition to the family of HID lamps and provide excellent
luminous efficacy, good lumen-maintenance, long life, and very acceptable
color. Higher lamp cost and a more complex ballast could be listed as its
advantages.
This lamp is suited for roadway lighting. Normally, it should not, however, be used
for sign lighting, as the color of the illuminated sign may change considerably from
that observed during daylight hours.Appendix C
Tables for Cochran's Q-test Results for Color Samples
85
Table C-1 Cochran 0-test Results for the 3M High Intensity ANSI Yellow
Color Sample
Responses 1=correct,Cincorrect
II SUBJECT HPS COATED CLEAR COATED
& TH HG & TH HG & TH MH & TH TOTALS SQUARES
1 0 1 0 1 2 4
2 1 0 0 1 2 4
3 1 1 0 1 3 9
4 0 0 0 0 0 0
5 0 0 0 0 0 0
6 0 1 0 1 2 4
7 1 1 0 1 3 9
8 0 0- 0 1 1 1
9 0 1 0 1 2 4
10 1 1 1 1 4 16
11 1 0 0 1 2 4
12 0 0 0 1 1 1
13 1 0 0 1 2 4,
14 1 1 1 1 4 16
15 0 1 0 1 2 4
16 0 0 0 0 0 0,
17 1 1 0 1 3 9,
18 1 1 1 1 4 16
19 1 0 0 1 2 4
20 0 1 1 0 2 4
21 1 0 1 3 9
22 0 0 0 0 0 0
23 1 0 0 0 1 1
24 1 1 0 1 3 9
25 1 1 1 1 4 16
26 1 1 0 0 2 4
27 1 0 1 1 3 9
28 0 1 1 1 3 9
29 1 0 0 1 2 4
30 1 0 0 1 2 4
31 1 1 0 1 3 9
32 1 0 1 0 2 4
33 0 0 0 1 1 1
34 1 1 0 0 2 4
35 1 1 0 1 3 9
36 0 0 0 0 0 0
37 0 0 0 0 0 0
38 1 0 0 1 2 4
39 1 1 1 1 4, 16
40 0 1 0 14 2 4
TOTALS 24 21 9 29 83 229
SQUARES 576 441 81 841 1939
Q= 25.25
HPS: HIGH PRESSURE SODIUM TH: TUNGSTEN HALOGEN
HG: MERCURY MH: METAL HALIDE86
Table C -2 -Cochran Q-test Results for the 3M High Intensity Yellow
Responses 1=correct,Uncorrect
SUBJECT HPS COATED CLEAR COATED
& TH HG & TH HG & TH MH & TH TOTALS SQUARES
=-1
1 0 1 1 1 3 9
2 0 0 1 1 2 4
3 1 1 1 1 4 16--t
4 0 0 0 0 0 0
5 1 1 1 1 4 16
6 0 0 1 1 2 4
7 0 1 1 0 2 4
8 0 1 1 1 3 9
9 0 0 1 1 2 4
10 1 1 1 1 4 16
11 1 1 1 1 4 16
12 0 0 1 0 1 1
13 0 0 0 1 1 1
14 1 1 1 1 4 16
15 0 0 0 0 0 0
16 0 1 0 0 1 1
17 0 0 1 1 2 4
18 1 1 1 1 4 16
19 1 0 1 1 3 9
20 0 1 0 1 2
21 1 1 0 0 2 4
22 0 1 1 0 2 4
23 1 1 1 1 4 16
24 1 1 1 1 4 16
25 1 1 1 1 4 16
26 1 1 1 1 4 16
27 0 0 1 0 1 1
28 0 0 1 1 2 4
29 1 1 1 1 4 16
30 0 0 1 0 1 1
31 1 1 0 1 3 9
32 0 1 1 1 3 9
33 0 0 1 0 1 1
34 1 1 1 1 4 16
35 0 0 1 0 1 1
36 0 0 0 0 0 0
37 0' 0 0 0 0 0
38 1 1 1 1 4 16
39 1 1 1 1 4 16
40 0 1 0 1 2 4
TOTALS 17 24 30 27 98 316
SQUARES 289 576 900 729 2494
Q= 14.6887
Table C-3 Cochran Q-test Results for the 3M Diamond Grade ANSI Yellow
Responses 1=correct,Cincorrect
SUBJECT HPS COATED HG CLEAR HG COATED
&TH & TH &TH MH & TH TOTALS SQUARES
0 3 9
2 0 0 2 4
3 1 1 4 16
4 0 0 0
5 4 16
6 0 3 9
7 4 16
8 0 0 2 4
9 0 3 9
10 4 16
11 4 16
12 1 1 1 0 3 9
13 0 1 1 0 2 4
14 1 1 0 1 3 9
15 3
16 0 0 2 4
17 4 16
18 4 16
19 0 0 2 4
20 0 3 9
21 0 3 9
22 0 9
23 0 0 2 4
24 4 16
25 16
26 1 1 1 1 4 16
27 1 1 1 1 4 16
3
29 4
30 0 0
31 0 388
Table C-4 -Cochran Q-test Results for the 3M Diamond Grade FHWA Yellow
Responses 1=correct,Uncorrect
SUBJECT HPS&TH coated clear COATED
hg & th hg & th MH & TH -
TOTALS SQUARES
1
1 0 1
-----
0 1 2 4
2 0 0 0 0 0 0
3 1 1 1 1 4 16
4 r 0 0 0 0' 0 0
5 1 1 1 1 4 16
6 1 0 1 1 3 9:
7 1 0 1 0 2 4
8 1 1 1 1 4 16
9 0 0 0 1 1 1
10 1 1 1' 1 4 16
11 1 1 1 1 4 16
12 0 0 0 0 0 0
13 0 0 0 0 0 0
14 1 0 0 1 2 4
15 0 0 0 0 -r 0 0
16 1 1 0 0 2
17 1 0 1 1 3 9
18 1 1 1 1 4 16
19 0 0 0' 1 1 1
20 1 0 1 1 3 9
21 1 1 0 0 2 4
22 0 1 1 1 3 9
23 1 1 1 1 4 16
24 1 1 1 1 4 16
25 1 1 1 0 3 9
26 1 1 1 1 4 16
27 0 1 1 0 2 4
28 0 1 1 0 2 4
29 1 1 1 1 4 16
30 0 1 0 0 1 1
31 1 1 0 1 3 9
32 1 1 0 3 9
33 0 0 0 1 1 1
34 1 1 1 1 4 16
35 1 1 1 1 4 16
36 0 0 0 1 1 1
37 1 0 0 0 1 1
38 1 1 1 1 4 16
39 1 1 1 1 4 16
40 0 0 0 0 0 0
TOTALS 25 24 23 25 97 9409
SQUARES 625 576 529 625 2355
Q= 3
A
189
Table C-5Cochran Q-test Results for the Avery Engineering Grade ANSI
Yellow
Responses 1=correct,0=incorrect
SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & TH TOTALS SQUARES
2 1 0 0 1 2 4
3 1 0 0 0 1 1
4 0 0 0 0 0 0
5 1 0 0 0 1r 1
6 0 0 0 0 0 0
7 1 0 0 0 1 1
8 1 0 .
0 0 1 1
9 0 0 0 0
,
0 0
10 1 0 0` 1 2 4
11 1 0 0 0 1 1
12 1 0 0 0 1 1
13 1 0 0 0 1 1
14 1 0 0 0 1 1
15 0 0 0 0 0 0
16 0 0 0 0 0 0
17 1 0 0 0 1 1
18 1 0 0 0 1 1
19 1 0 0 0 1 1
20 0 0 0
--
0 0 0
21 1 0 0 0 1 1
22 0 0 0 0 0 0
23 1 0 0 0 1 1
24 1 0 0 0 1 1
25 1 0 0 0 1 1
26 1 0 0 0 1 1
27 1 0 0 0 1 1
28 0 1 1 1 3 9
29 1 0 0 0 1 1
30 1 0 0 0 1 1
31 1 0 0 1 2 4
32 0 0 0 0 0 0
33 0 0 0 0 0 0
34 1 0 0
__
0 1 1
35 1 0 0 1 2 4
36 0 0 0 0 0 0
37 1 0 0 0 1
4
1
38 1 0 0 0 1 1
39 1 0 0 1 2 4
40 1 0 0 1 2 4
TOTALS 28 1 1 8 38 56
SQUARES 784 1 1 64 850
Q = 61.12590
Table C-6Cochran Q-test Results for the 3M Engineering Grade ANSI
Yellow
Responses 1=correct,Cincorrect
SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & 1H TOTALS SQUARES
1 0 0 0 0 0 0
2 0 0 0 1 1 1
3 1 0 0 1 2 4
4 0 0 0 0 0 0
5 1 0 0 0 1 1
0' 0 0 0 0 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0
10 1 0 0 1 2 4
11 1 0 0 0 1 1
12 0 0 0 0 0 0
13 0 0 0 0 0 0
14 1 0 0 0 1 1
15 0 0 0 0 0' 0
16 1 0 0 1 2 4
17 0 0 0 1 1 1
18 1 0 0 1 2 4
19 1 0 0 0 1 1
20 1 0 0 0 1 1
21 1 0 0 0 1 1
22 0 0 0 0 0 0
23 1 0 0 0 1 1
24 1 0 0 0 1 1
25 1 0 0 1 2 4
26 1 1 0 0 2 4
27 0 0 0 0 0 0
28 0 1 0 1 2 4
29 1 0 0 1 2 4
30 1 0 0 0 1 1
31 1 0 0 1 2 4
32 0 0 0 0 0 0
33 0, 0 0 0 0 0
34 1 0 0 0 1 1
35 1 0 0 0' 1 1
36 0 0 0 0 0 0
37 0 0 0 1 1 1
38 1 0 0 0 1 1
39 1 0 0 1 2 4
40 0 0 0 1 1 1
TOTALS 21 2ili1
0 13 36 56
SQUARES 441 4 0 169 614
Q = 39.5591
Table C-7Cochran Q-test Results for the 3M Engineering Grade FHWA
Yellow
Responses 1=correct,CMncorrect
13 0 0 0 1 1 1
14 0 0 0 0 0 0
15 0 0 0 0 0
16
17
18
19
20
21
0
0 0 0
0 0
0
1
1
3 9
0
0
O 0
22
23
24
25
26
27
28
29
30
31
32
0
0
0 0 1 2 4
0 0 0 0
0 O 1
0 0 1
0 0 1
0 1
0 O 1
33
0
0
0
1 1
2
2
2
3
1
3
4
4
4
9
9
0 0 0
0 0 0
0 0 1 2 4
0 0 0
0 O 1
34 0 0 0
35
36
0 0 0
0 0 O 0
37 0 0 O 1
38
39
0 O 0
0
0
0
0
O 1 3 9
40 0 0 0 1
TOTALS
SQUARES
e=
21 5 1 20 47 89
441 25 1 400 867
3892
Table C-8 Cochran Q-test Results for the 3M Engineering Grade ANSI Red
Responses 1=correct,(incorrect
SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & TH TOTALS SQUARES
4 16
2 0 1 1 0 2 4
3 0 1 1 1 3 9
4 1 1 1 1 4 16
5 0 1 1 1 3 9
6 1 1 0 1 3 9
7 0 1 1 1 3 9
8 1 1 1 1 4 16
9 1 1 1 1 4 16
10 1 1 1 1 4 16
11 0 1 1 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 0 1 1 1 3 9
15 0 1 1 0 2 4
16 1 1 1 1 4 16
17 1 1 1 1 4 16
18 0 1 1 1 3 9
19 1 1, 1 1 4 16
20 1 1 1 1 4 16
21 0 1 1 1 3 9
22 1 1 1 1 4 16
23 0 1 1 1 3 9
24 1 1 1 1 4 16
25 1 1 1 1 4 16
26 0 1 0 1 2 4
27 1 1 1 1 4 16
28 1 1 1 1 4 16
29 1 1 1 1 4 16
,
___
4 16
31 0 1 1'
.
3 9
32 1 1 1 1 4 16
33 1 1 1 1 4 16
34 1 1 1 1 4 16
4 16
36 1 1 1 1 4 16
37 1 1 1 1 4 16
38 1 1 1 1 4 16
39 1 1 1 1 4 16
40 1
_._
1 1 1 4 16
TOTALS 28 40 38 38 144 534
SQUARES 784 1600 1444 1444 5272
Q= 25.1493
Table C-9Cochran Q-test Results for the Avery Engineering Grade ANSI
Red
Responses 1=correct,Ir,incorrect
II SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & TH TOTALS SQUARES
1 0
2 0
3 1 1 1 1 4 16
4 1 1 1 1 4 16
5 0 1 1_ 1 3 9
6 1 1 1 1 4 16
7 0 1 1 1 3- 9
8 1 1 1 1 4 16
9 1 1 1 4 16
10 1 1 1 1 4 16
11 1 1 1 1 4 16
12 1 1 1 1 4 16
,
13' 1 1 1 1 4 16
14 0 1 1 1 3 9
15 0 1 1 1 3 9
16 1 1 1 1 4 16
17 1 1 1 1 4 16
18 0 1 1 1 3 9
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 1 1 1 1 4 16
22 1 1 1 1 4 16
23 1 1 1 1 4 16
24 1' 1 1 1 4 16
25 1 1 1 1 4 16
26 0 1 1 1 3 9
27 1 1 1 1 4 16
28 1 1 0 1 3 9
29 0 1 1 1 3' 9
30 1 1 1 1 4 16
31 0 1 1 1 3 9
I 32 1 1 1 1 4 16
33 1 1 1 1 4 16
34 1 1 1 1 4 16
35 1 1
-
1
.
1 4 16
36 1 1 1 1 4 16
37 1 1 1 1 4 16
38 1 1 1 1 4 16
39 0 1 1 1 3 9
40 1 1 1 1 4' 16
TOTALS 29 40 39 40 148 556
SQUARES 841 1600 1521 1600 5562
Q = 2994
Table C-10Cochran Q-test Results for the 3M Engineering Grade FHWA Red
Responses 1=correct,0=incorrect
SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & TH TOTALS SQUARES
1 1 1 1 1 4 16
2 0 1 1 1 3 9
3 0 1 1 1 3 9
4 1 1 1 1 4 16
5 0 1 1 1 3 9
6 0 1 0 1 2 4
7 1 1 1 1 4 16
8 1 1 1 1 4 16
9 0 1 1 1 3 9
10 1 1 1 1 4 16
11 0 1 1 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 -r 16
14 0 1 1 1 3 9
15 0 1 1 1 3 9
16 1 1 1 1 4 16
17 1 1 1 1 4 16
18 0 1 1 1 3 9
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 1 1 1 1 4 16
22 1 1 1 1 4 16
23 0 1 1 1 3 9
24 1 1 1 1 4 16
25 0 1 1 1 3 9
26 0 1 0 1 2 4
27 1 1 1 1 4 16
28 1 1 0 1 3 9
29 0 1 1 1 3 9
30 1 1 1 1 4 16
31 0 1 0 1 2 4
32 1 1 1 1 4 16
33 0 1 1 1 3 9
34 1 1 1 1 4 16
35 1 1 1 1 4 16
....
36 1 1 1 1 4 16
37 1 1 1 1 4 16
38 1 1 1 1 4 16
39 0 0 1 1 2 4
40 0 1 1 1 3 9
TOTALS 23 39 36 40 138 494
SQUARES 529 1521 1296 1600 4946
Q= 38,2895
Table C-11 -Cochran Q-test Results for the Avery Engineering Grade ANSI
Orange
Responses 1=correct,Cincorrect
SUBJECT Fin COATED CLEAR COATED
& TH HG & TH HG & TH MH & TH TOTALS SQUARES
1 1 1 1 1 4 16
2 1 1 0 1 3 9
3 0 1 0 0 1 1
4 1 1 1 0 3 9
5 0 1 1 1 3 9
6 1 1 0 0 2 4
7 1 0 0 1 2 4
8 1 1 1 1 4 16
9 1 1 1 0 3 9
10 0 1 0 1 2 4
11 1 1 0 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 1 4 16
16 0 0 0 0 0 0
17 1 1 1 1 4_ 16
18 1 1 1 1 4 16
19 1 1 1 1 4 16
20 0 1 1 1 3 9
21 0
-
0 1 1T 2 4
22 1 1 1 1 4 16
23 0r 1 1 1 3 9
24 0 1 0 1 2 4
25 1 1 0 1 3 9
26 1 1 1 1 4 16
27 1 1 1 1 4 16
28" 0,
1 1 0 2
t
4
29 0 0 0 1 1 1
30 0 1 0 1 2 4
31 1 1 1 1 4 16
32 0 0
4
1 0 1 1
r 3.3 1 1 0 1 3 ,---.............4
9
34 1 0 0 1 2 4
35 0 0 0 1 1 1
36 0 0 0 0 0 0
37 1 1 1 1 4 16
38 0 0 0 1 1 1
39 0 1 0 1 2 4
40 1 1 1 1 4 16
TOTALS 24 31 23 32 110 362
SQUARES 576 961 529 1024 3090
Q = 1096
Table C-12 -Cochran Q-test Results for the 3M Engineering Grade FHWA
Orange
Responses 1=correct,CWncorrect
SUBJECT HPS&TH COATED HG CLEAR HG COATED
& TH & TH MH & TH TOTALS SQUARES
16
2 1 1 1 1 4 16
3 0 1 0 1 2 4
4 1 0 1 0 2 4
5 1 1 0 1 3 9
6 1 1 1 1 4 16
7 1 1 1 1 4 16
8 1 1 1 1 4 16
9 1 1 1 1 4 16
10 0 1 0 1 2 4
11 1 1 0 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 1 4 16
16 0 1 0 0 1 1
17 1 1 1 1 4 16
18 1 1 1 1 4 16
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 1 1 1 1 4 16
22 1 1 1 1 4 16
23 1 1 1 1 4 16
24 1 1 1 1 4 16
25 1 1 0 1 3 9
26 1 1 1 1 4 16
27 1 1 1 1 4 16
28 1 0 0 0 1 1
29 0 1 1 1 3 9
30 1 0 0 1 2 4
31 1 1 1 1 4 16
32 1 1 1 1 4 16
33 1 1 1 1 4 16
34 1 1 0 1 3 9
35 1 1 0 1 3 9
36 0 0 0 1 1 1
37 1 1 1 1 4 16
38 1 1 0 1 3 9
39 0 1 0 1 2 4
40 1 1 1 1 4 16
TOTALS 34 36 27 37 134 486
SQUARES 1156 1296 729 1369 4550
Q = 1597
Table C-13 - Cochran Q-test Results for the 3M Diamond Grade ANSI Yellow
Responses 1=correct,C,Wncorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 1 1 1 4 16
2 0 0 0 0 0 0
3 1 1 1 1 4 16
4 0 1 0 1 2 4
5 1 1 1 1 4 16
6 1 1 1 1 4 16
7 1 1 0 1 3 9
8 1 1 1 1 4 16
9 1 1 0 0 2 4
10 1 1 1 1 4 16
11 1 1 1 1 4 16
12 0 1 1 1 3 9
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 0 1 1 1 3 9
16 1 1 1 1 4 '16
17 1 1 1 1 4 16
18 1 1 1 1 4 16
19 0 1 0 1 2 4
20 1 1 1 1 4 16
21 1 1 0 1 3 9
22 1 1 0 0 2 4
23 1 0 0 1 2 4
24 1 1 0 1 3 9
25 0 0 0 1 1 1
26 1 1 1 1 4 16
27 1 1 1 1 4 16
28 1 1 1 1 4 16
29 1 0 0 1 2 4
30 0 1 1 0 2 4
31 1 1 0 1 3 9
32 1 0 1 1 3 9
33 1 1 1 1 4 16
34 1 0 0 0 1 1
35 1 1 1 1 4 16
36 0 0 0 0 0 0
37 1 1 1 1 4 16
38 1 1 0 1 3 9
39 1 1 1 1 4 16
40 0 1 1 1 3 9
TOTALS 31 33 25 34 123 431
SQUARES 961 1089 625 1156 3831
Q . 1098
Table C-14Cochran Q-test Results for the 3M High Intensity ANSI Yellow
Responses 1=correct,ICincorrect
I SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
2 0 0 0 0 0 0
3 1 1 0 1 3 9
4 0 1 0 0 1 1
5 1 1 0 1 3 9
6 1 1 1 1 4 16
7 1 0 0 0 1 1
8 1 0 0 0 1 1
9 1 0 0 1 1
10 1 1 1 1 4 16
11 1 0 0 1 2 4
12 0 0 0 0 0 0
13 1 1 0 1 3 9
14 1 0 0 1 2 4
15 1 1 0 0 2 4
16
17 1 1 0 1 3 9
18 1 1 0 1 3 9
19 1 0 0 0 1 1
20 1 0 0 1 2 4
21 0 0 0 1 1
22 1 0 0 0 1 1
23 1 0 0 1 2 4
24 1 0 0 0 1
25 1 0 0 0 1
26 1 0 1 1 3 9
27 1 0 0 0 1 1
28 1 1 1 1 4 16
29 1 0 0 1 2 4
30 1 0 0 0 1
31 1 1 0 1 3 9
32 0 0 0 0 0 0
33 1 0 0 1 2 4
34 1 0 0 0 1 1
35 1 1 0 1 3 9
36 0 0 0 0 0 0
37 0 1 0 1 2 4
38 1 0 0 1 2 4
39 1 1 0 1 3 9
40 0 1 1 0 2 4
TOTALS 31 15 5 22 73 185
SQUARES 961 225 25 484 1695
Q = 40.6899
Table C-15Cochran Q-test Results for the 3M Engineering Grade ANSI
Yellow
Responses 1=correct,Cincorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 0 0 1 2 4
2 0 0 0 0 0 0
1
3 1 0 1 1 3 9
4 0 0 T 0 0 0 0
5 1 1 1 1 4 16
6 1 0 0 1 2 4
7 1 0 0 0 1 1
8 1 0 0 0 1 1
9 0 0 0 1 1 1'
10 1 0 0 1 2 4
11 1 0 0 0 1 1
12 0 0 0 0 0 0
13 1 0 0 1 2 4
14 0 0 0 1 1 1
15 0 0 0 0 0 0
16 0 0 0 0 0
I0 i
I
17 1 0 0 1 2 4
18 1 1 0 1 3 9
19 1
0
0
0
0
0
1
1!
2
1
4
1 20
21 0 0 0 1 1 1
22 1 0 0 0 1 1
23 1 0 0 0 1 1
24 0 0 0 1 1 1
25 1 0 0 0 1 1
26 1 0 0 1 2 4
27 1 0 0 0 1 1
28 1 1 1 1 4 16
29 1 0 0 1 2 4 I
I
30 1 0 0 0 1 1
31 0 0 0 1 1 1
32 0 0 0 0 0 0
33 0 0 0 1 1 1
34 1 0 0 0 1 1
1
35 1 0 0 0 1 1
36 0 0 0 0 0 0
37 0l 1 0 1 2 4 1
38 1 0 0 1 2 4
39 1 1 0 1 3 9
i
40 0 0 0 0 0 0
TOTALS 24 5 3 22 54 116
SQUARES 576 25 9 484 1094
Q= 43.8100
Table C-16Cochran Q-test Results for the 3M Engineering Grade FHWA
Yellow
Responses 1=correct,C=incorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 0 0 1 2 4
2 0 0 0 0 0 0
3 1 0 0 1 2 4
4 0 0 0 0 0 0
N 5 0 0 0 1 1 1
6 1 1 0 1 3 9
7 0 0 0 1 1 1
8 1 0 0 0 1 1
9 0 0 0 1 1 1
10 1 0 0 1 2 4
11 1 0
0
0
0
0
0
1
0
1
0 12 0'
13 1 0 0 1 2 4
14 1 0 0 1 2 4
15 0 0 0 0 0_ 0
16 0 0 0 0 0 0
17 1' 0 0 1 2 4
18 1 1 0 0 1 2 4
19 0 0 0 1 1 1
20 1 0 0 1 2 4
21 0 0 0 0 0 0
22 1 0 0 0 1 1
23 1 0 0 1 2 4
24 1 0 0 1 2 4
25 1 0 0 1 2 4
26 1 0 0 1 2 4
27 1 0 0 0 1 1
28 1 1 1 1 4 16
29 1 0 0 1 2 4
30
.. 0 1 0 1 2 4
31 0' 0 0 0 0 0
32 0 0r 0 0 0 0
33 0 0 0 1 1 1
34 1 0 0 0 1 1
35 1 0 0 0 1 1
36 0 0 0 0 0 0
37 0 0' 0 1 1 1
38 1 0 0 1 2 4
39 1 1 0 1 3 9
40 0 0 0 0 0 0
TOTALS 23 4 1 24 52 106
SQUARES 529 16 1 576 1122
Q = 52.47101
Table C-17 -Cochran Q-test Results for the 3M Diamond Grade FHWA Yellow
Responses 1=correct,Uncorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG 8c MH MH & MH TOTALS SQUARES
4 16
2 0 0 0
3 4 16
4 0 0 0 0 0
5 4 16
6 4 16
7 4 16
8 4 16
9 4 16
10 4 16
11 4 16
12 0 2 4
13 4 16
14 0 3 9
15 0 0 0
16 0 0 1 0 1
17 1 1 1 1 4 16
18 1 1 1 1 4 16
19 4
20
21
22
0 0
0
0
3 9
1
3 9
23 1 1 3 9
24
25
26
1 1 4 16
1 1 4 16
1 1 4 16
27 1 1 4 16
28 1 1 4 16
29
30 0 0
1 1 4 16
0 0 0 0
31 0 1 3 9
32 1 1 4 16
33 1 1 4 16
34 1 1 4 16
35 1 1 4 16
36 0 0 0 0 0 0
37 0 0
38
1 0 1 1
1 1 4 16
39
40 0 0 0
4 16
1 1
TOTALS 32 29
SQUARES 1024 841
30 30 121 443
900 900 3665
Q= 1.39102
Table C-18Cochran Q-test Results for the 3M High Intensity FHWA Yellow
Responses 1=correct,CMncorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
aii-i
1 1 1 1 1 4 16
2 0 0 0 0 0 0
3 1 1 1 1 4 16
4 0 1 1 0 2 4
5 1 1 1 1 4 16
6 1 1 1 1 4 16
7 0 1 1 1 3 9
8 1 1 1 1 4 16
9 1 1 1 1 4 16
10 1 1 1 1 4 16
11 1 1 1 1 4 16
12 0 0 1 0 1 1
13 1 1 1 1 4 16
14 0 0 1 0 1 1
15 0 0 1 0 1
16 0 1 0 1 2 4i
17 1 1 1 1 4 16 1
18 1 1 1 1 4 16
19 1 0 0 1 2 4
20 0 1 1 0 2 4
0 1 1 0 2 4
22 1 1 0 0 2 4
11
23 1 0 1 1 3 9
24 1 1 1 1' 4 16
25 1 1 1 1 4 16
26 1 1 1 1 4 16
27 1 1 1 0 3 9
28 1 1 1 1 4 16
29 1 1 1 1 4 16
30 1 0 1 1 3 9
31 1 0 0 1 2
32 1 0 0 1 2 41
33 1 1 1 1 4 16
34 1 1 0 1 3 9
35 1 1 1 1 4 16
36 0 0 0 0 0 0
37 0 0 1 1 2 4
38 1 1 1 1 4 16
39 1 1 1 1 4 16
40 0 1 0 0 1 1
TOTALS 28 29 31 29 117
SQUARES 784 841 961 841 3427
Q= .9103
Table C-19 - Cochran 0-test Results for the Avery Engineering Grade ANSI
Yellow
Responses1=correct, Mncorrect
9 SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 0 0 0 1 1
2 1 0 0 1 2 4
3 1 0 0 1 2 4
4 0 0 0 0 0 0
5 1 0 0 1 2 4
6 1 1 1 0 3 9
7 1 0 0 1 2 4
8 1 0 0 0 1 1
9 1 0 0 0 1 1
10 1 0 0 0 1 1
11 1 0 0 0 1 1
12 1 0 0 0 1 1
13 1 0 0 1 2 4
14 1 0 0 0 1 1
15 1 0 0 0 1 1
16 0 0 0 0 0 0
17 1 0 0 0 1 1
18 1 0 0 1 2 4
19 1 0 0 0 1 1
20 1 0 0 0 1 1
21 1 0 0 0 1 1
22 0 0 0 0 0 0
23 1 0 0 0 1 1
24 1 0' 0 0 1 1
25 1 0 0 0 1 1
26 1 0 0 1 2 4
27 1 0 0 0 1 1
28 1 1 1 1 4 16
II
29 1 0 0 0 1 1
30 1 0 0 0 1 1
31 1 0 0 0 1 1
32 0 0 0 0 0 0
33 1 0 0 1 2 4
34 1 0 0 0 1 1
35 0 0 0 0 0 0
36 1 0 0 0 1 1
37 0 0 0 0 0 0
38 1 0' 0 0 1 1
39 1 1 0 1 3 9
40 0 0' 0 0 0 0
TOTALS 33 3 2 10 48 88
SQUARES 1089 9 4 100 1202
Q = 72.23104
Table C-20 -Cochran Q-test Results for the Avery Engineering Grade ANSI
Red
Responses 1=correct,C,incorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 0 1 1 1 3
2 1 1 1 1 4 16
3 1 1 1 1 4 16
4 1 1 1 1 4 16
5 1 1 1 1 4 16
6 0 1 0 1 2 4
7 1 1 1 1 4 16
8 1 1 1 1 4 16
9 1 1 1 1 4 16
10 1 1 1 1 4 16
11 0 1 1 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 3 9
16 1 1 1 1 16
17 1 1 1 1 4 16
18 0 1 0 1 2 4
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 1 1 1 1 4 16
2 1 1 1 1
23 1 1 1 1
24 1 1 1 1 4
25 1 1 1 1 4
I
26 0 1 0 1 2 4
27 1 1 1 1 4 16
28 1 1 1 1 4 16
1 1 1 1 4 16
30 1 1 1 1 4 16
31 1 1 1 1 4 16
32 1 1 1 1 4 16
33 1 1 1 1 4 16
34 1 1 1 1 4 16
35 1 1 1 1 4 16
6 1 1 1 1 4 16
37 1 1 1 1 4 16
38 0 1 1 1 3 9
39 1 1 1 1 4 16
a 1 1 1 1 4 16
1RDTALS 34 40 36 150 576
I
.SQUARES 1156 1600 1296 1600 5652
Q = 13.50105
Table 0-21 -Cochran Q-test Results for the 3M Engineering Grade FHWA Red
Responses 1=correct,Nincorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
--I
1 0 1 1 1 3 9
2 0 1 1 1 3
3 0 1 1 1 3 9
II
4 1 1 1 1 4 16
5 0 1 1 1 3 9
6 0 0 0 0 0 0
7 1 1 1 1 4 16 ,I
8 1 1 1 1 4 16
9 0 1 0 1 2 4
10 1 1 1 1 4 16
11 0 1 0 1 2
12 1 1 0 1 3 9
13 1 1 1 1 4 16
14 0 1 1 1 3 9
15 1 1 0 1
16 1 1 1 1 4 16
17 1 1 1 1 4 16
18 0 1 0 1 2
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 0 1 1 1 3 9
22 1 1 1 1 4 16
23 0 1 1 1 3 9
24 1 1 1 1 4 16
25 1 1 0 1 3 9
26 0 0 0 1 1 1
27 1 1 1 1 4 16
j 28 1 1 1 1 4 16
29 0 1 1 1 3 9
30 1 1 1 1 4 16
31 0 1 1 1 3 9
32 0 1 0 1 2 4
33 1 1 1 1 4 16
34 1 1 1 1 4 16
35 0 1 1 1 3 9
36 1 1 1 1 4 16
37 0 1 1 1 3 9
38 0 1 0 1 2 4
39 1 1 1 0 3 9
40 1 1 1 1 4 16
TOTALS 22 38 30 38 128
SQUARES 484 1444 900 1444 4272
Q = 31.06106
Table C-22Cochran Q-test Results for the 3M Engineering Grade ANSI Red
Responses 1=correct,0= incorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
9
2 0 1 1 1 3 9
3 1 1 1 1 4 16
1 1 1 1 4 16
5 0 1 1 1 3 9
6 0 1 0 1 2 4
7 1 1 1 1 4 16
8 1 1 1 1 4 16
9 0 1 1 1 3 9
10 1 1 1 1 4 16
11 0 1 1 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 1 4 16
16 1 1 1 1 4 16
17 1 1 1 1 4 16
18 0 1 1 1 3 9
19 1 1 1 1 4 16
20 1 1 1 1 4 16
21 1 1 1 1 4 16
22 1 1 1 1 4 16
23 1 1 1 1 4 16
24 1 1 1 1 4 16
25 1 1 1 1 4 16
26 0 0 0 1 1 1
27 1 1 1 1 4 16
28 1 1 1 1 4 16
29 0 1 1 1 3 9
30 1 1 1 1 4 16
31 1 1 1 1 4 16
32 1 1 1 1 4 16
33 1 1 1 1 4 16
34 1 1 1 1 4 16
35 1 1 1 1 4 16
36 0 1 1 1 3 9
37 1 1 1 1 4 16
38 1 1 1 1 4 16
39 0 1 1 0 2 4
40 1 1 1 1 4 16
TOTALS 29 39 38 39 145 545
SQUARES 841 1521 1444 1521 5327
Q = 24.26107
Table C-23 -Cochran Q-test Results for the 3M Engineering Grade FHWA
Orange
Responses 1=correct,Uncorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 1 1 1 4 16
2 1 1 1 1 4 16
3 1 1 1 1 4 16
4 1 1 1 0 3 9
5 1 1 1 4 16
6' 1 1 0 1 3 9
7 17 1 1 1 4 16
8 1 1 0 1 3 9
9 1 1 1 1 4 16
10 1 1 1 1 4 16
11 1 1 0 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 1 4 16
16 1 0 0 0 1 1
17 1 1 1 1 4 16
18 1 1 0 1 3 9
19 1 1 1 1 4 16
20 1 1 1 1 16
21 1 1 1 1 4 16
22 1 0 1, 0 2 4
23 1 1 0 1 3 9
24 1 1 0 1 3 9
25 1 1 1 0 3 9
26 1 1 0 1 3 9
27 1 1 1 1 4 16
28 1 0 0 0 1 1
29 0 1 0 1 2 4
30 1 1 1 0 3 9
31 1 1
,
1 1 4 16
32 1 1 0 1 3 9
33 1 1 1 1 4 16
34 1 1 1 1 4 16
35 1 1 0 1 3 9
36 0 0 0 1 1 1
37 1 1 1 1 4 16
38 1 0 0 1 2 4
39 1 1 1 1 4 16
40 1 1 1 1 4 16
TOTALS 38 35 26 34 133 475
SQUARES 1444 1225 676 1156 4501
Q = 16.58108
Table C-24- Cochran Q-test Results for the Avery Engineering Grade ANSI
Orange
Responses 1=correct,0=incorrect
SUBJECT HPS COATED CLEAR COATED
& MH HG & MH HG & MH MH & MH TOTALS SQUARES
1 1 1 1 1 4 16
2 1 1 1 1 4 16
3 1 0 0 1 2 4
4 1 1 1 1 4 16
5 1 1 1 1 4 16
6 1 1 0 1' 3 9
7 1 1 1 1 4 16
8 1 1 1 1 4 16
9 1 1 1 1 4 16
10 1 1 1 1 4 16
11 1 1 0 1 3 9
12 1 1 1 1 4 16
13 1 1 1 1 4 16
14 1 1 1 1 4 16
15 1 1 1 1 4 16
16 0 0 1 0 1 1
17 1 1 1 1 4 16
18 1 1 0 1 3 9
19 1 1 1 1 4 16
20 1 0 1 1 3 9
21 1 1 1 1 4 16
22
t
0 1 1 1 3 9
23 0 0 0 1 1 1
24 1 1 0 1 3 9
25 1 1 0 1 3 9
26 1 0 0 1 2 4
27 1 1 1 1 4 16
28 1 0 1 0 2 4
29 0 0 0 1 1
30 1 0 1 0 2 4
31 1 1-
1 1 4 16
32 1 0 0 1 2 4
33 1 1 0 1 3 9,
34 1 1 0 1 3 9
35 1 1 0 1 3 9
36 1 0 0 1 2 4
37 1 1 1 1 4 16
38 1 0 0 1 2 4
39 1 1 1 1 4 16
40 1 1 1 1 4 16
TOTALS 36 29 25 37 127 441
SQUARES 1296 841 625 1369 4131
Q = 17.69
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Appendix D
Subject's Data and Instruction Sheet
Instructions to the Subjects
Color Recognition Study
You are participating in an experiment which will be used in the development of
new light sources for automobile headlights and for possible modifications of some
highway sign colors to reduce color confusion between several currently used
color schemes. Your participation in this study is vitally important; without the
observations provided by unbiased observers like you, this type of work could not
be performed properly. The Federal Highway Administration,U.S. Department of
Transportation, sincerely appreciates your assistance on this project. We hope
that, along with providing information to us, you too will benefit from your
participation in this experiment by doing some practical work in a scientific study.
Please read the following instructions carefully.If you have any questions do not
hesitate to ask the experimenter for clarification.
You will view a series of different color samples, one at a time, which will be
randomly illuminated by different light sources. Since each of these lamps emits
light of different spectral composition, the color samples will not always look the
same. Once the experimenter opens the shutter for you to look into the opening,
take a look at the color sample on display. As soon as you made a decision in
terms of the color, press the button in front of you, and call out the color that you
think you have seen to the experimenter who will record your answers.
The color samples used in this experiment are contained in the list below; however,
we will not necessarily use all of them.110
RED
YELLOW
GREEN
ORANGE
BLUE
BROWN
You must decide, to the best ofyour ability, which of these colors you see in each
step of the experiment. If you can not identify the color makeyour best guess.
Do not skip any number or do not provide "I do not know"answer.
Before starting the real session, one trial example will be conducted to familiarize
you with the experimental procedure.Subject's Data
Male Group
Subject Number Age Visual Acuity Color Vision
1 61 20/22 Norma
6 73 20/25 Norma
9 26 20/25 Norma
12 16 20/17 Norma
15 29 20/22 Norma
16 21 20/17 Norma
17 44 20/40 Norma
19 31 20/20 Norma
21 38 20/22 Norma
23 69 20/25 Norma
24 61 20/22 Norma
26 71 20/18 Norma
28 22 20/17 Norma
29 69 20/50 Norma
31 23 20/20 Norma
32 24 20/29 Norma
33 68 20/25 Norma
34 63 20/22 Defective
35 49 20/17 Normal
39 59 20/22 Normal
Average Age for Male Subjects = 46
Average Visual Acuity = 20/24
Total Number of Male Subjects = 20
111
Avg. Age for Female Subjects = 45
Avg. Visual Acuity = 20/25
Total Number of Female Subjects = 20
Female Group
Subject Number Age Visual Acuity Color Vision
2 54 20/18 Norma
3 46 20/20 Norma
4 34 20/18 Norma
5 22 20/29 Norma
7 60 20/29 Norma
8 32 20/22 Norma
11 57 20/18 Norma
13 44 20/29 Norma
14 49 20/25 Norma
18 20 20/18 Norma
20 19 20/25 Norma
22 65 20/33 Norma
25 25 20/25 Defective
27 68 20/29 Defective
30 35 20/17 Norma
36 67 20/33 Norma
37 68 20/25 Norma
38 40 20/17 Norma
40 68 20/40 Norma
41 21 20/29 Norma112
Appendix E
Tables Illustrating Illuminance, Luminance, and
Color Coordinates of Light Sources and Signing Materials
Table E-1 Illuminance Data and Color Coordinates in x-y Space of Light
Sources Measured at the Signing Material Sample Position (Minolta
Chroma Meter, Model CI 100).
Light Source Illuminance
(Lux)
x y
High Pressure Sodium 292 .541 .408
Coated Mercury 174 .386 .385
Clear Mercury 138 .326 .387
Coated Metal Halide 160 .413 .375
Daylight (Florescent) 90.7 .306 .330
Table E-2 Luminance Data and Color Coordinates in x-y Space of Light
Sources Measured at the Signing Material Sample Position (Minolta
Chroma Meter, Model CS 100, 1 Degree Acceptance Angle;
Measurements Taken Off of a Magnesium Oxide Standard Plate).
Light Source Luminance
cd/m2
x y
High Pressure Sodium 70.1 .541 .412
Coated Mercury 57.2 .376 .398
Clear Mercury 55.9 .315 .402
Coated Metal Halide 49.0 .410 .383
Daylight (Florescent) 29.3 .303 .331Table E-3 Luminance Data and Color Coordinates in x-y Space of Signing
Materials Under Artificial Daylight Illumination (Minolta Chroma
Meter, Model CS 100, 1 Degree Acceptance Angle).
Color sign Luminance
cd/m2
3M HI ANSI Yellow 20.0 .445 .509
3M EG ANSI Yellow 21.9 .449 .509
3M DG ANSI Yellow 15.0 .447 .511
AVERY EG ANSI Yellow 23.0 .430 .480
3M DG FHWA Yellow 9.62 .518 .476
3M HI FHWA Yellow 18.5 .504 .491
3M EG FHWA Yellow 19.8 .486 .494
3M EG FHWA Orange 10.8 .583 .389
AVERY EG ANSI Orange 12.7 .541 .409
3M EG ANSI Red 5.54 .593 .338
3M EG FHWA Red 5.81 .632 .345
AVERY EG ANSI Red 4.23 .624 .325
EG : ENGINEERING GRADE
HI : HIGH INTENSITY
DG : DIAMOND GRADE
113Table E-4 Luminance Data and Color Coordinates for Sign Colors Under the
Clear Mercury Light Source.
Sign Color Luminance
cd/m2
#1 3M HI ANSI Yellow 25.4 .4074 .5767
#2 3M EG ANSI Yellow 35.2 .4083 .5816
#3 3M EG FHWA Red 3.37 .5101 .4469
#4 3M EG FHWA Yellow 29.9 .4208 .5733
#5 3M EG FHWA Orange 14.9 .5039 .4841
#6 3M EG ANSI Red 2.59 .4676 .4098
#7 3M DG FHWA Yellow 19.3 .4514 .5458
#8 AVERY ANSI Orange 15.5 .4880 .4927
#9 3M HI FHWA Yellow 14.3 .4373 .5615
#10 3M DG ANSI Yellow 34.5 .4133 .5774
#11 AVERY ANSI Yellow 24.3 .4035 .5732
#12 AVERY ANSI Red 2.12 .4932 .4130
114
Table E-5 Luminance Data and Color Coordinates for Sign Colors Under the
Coated Metal Halide Light Source.
Sign Color Luminance
cd/m2
#1 3M HI ANSI Yellow 21.5 .4919 .4840
#2 3M EG ANSI Yellow 29.0 .4982 .4835
#3 3M EG FHWA Red 6.60 .6256 .3611
#4 3M EG FHWA Yellow 23.2 .5252 .4695
#5 3M EG FHWA Orange 15.1 .5838 .4095
#6 3M EG ANSI Red 5.35 .6196 .3495
#7 3M DG FHWA Yellow 15.9 .5439 .4535
#8 AVERY ANSI Orange 14.7 .5699 .4190
#9 3M HI FHWA Yellow 11.1 .5420 .4572
#10 3M DG ANSI Yellow 25.2 .5085 .4782
#11 AVERY ANSI Yellow 16.9 .5061 .4727
#12 AVERY ANSI Red 4.73 .6282 .3550Table E-6 Luminance Data and Color Coordinates for Sign Colors Under the
High Pressure Sodium Light Source.
Sign Color Luminance
cd/m2
115
#1 3M HI ANSI Yellow 27.2 .5658 .4292
#2 3M EG ANSI Yellow 38.6 .5675 .4285
#3 3M EG FHWA Red 11.9 .6259 .3725
#4 3M EG FHWA Yellow 36.0 .5711 .4281
#5 3M EG FHWA Orange 30.4 .5871 .4121
#6 3M EG ANSI Red 10.0 .6323 .3652
#7 3M DG FHWA Yellow 27.2 .5735 .4259
#8 AVERY ANSI Orange 31.1 .5799 .4181
#9 3M HI FHWA Yellow 20.1 .5750 .4242
#10 3M DG ANSI Yellow 42.5 .5655 .4303
#11 AVERY ANSI Yellow 29.9 .5640 .4305
#12 AVERY ANSI Red 10.7 .6305 .3665
Table E-7 -Luminance Data and Color Coordinates for Sign Colors Under the
Coated Mercury Light Source.
Sign Color Luminance
cd/m2
#1 3M HI ANSI Yellow 22.2 .4639 .5243
#2 3M EG ANSI Yellow 30.0 .4659 .5261
#3 3M EG FHWA Red 5.13 .6114 .3724
#4 3M EG FHWA Yellow 25.9 .4771 .5183
#5 3M EG FHWA Orange 14.6 .5573 .4358
#6 3M EG ANSI Red 4.34 .6014 .3542
#7 3M DG FHWA Yellow 17.5 .5034 .4944
#8 AVERY ANSI Orange 14.9 .5406 .4471
#9 3M HI FHWA Yellow 12.7 .4937 .5051
#10 3M DG ANSI Yellow 29.8 .4661 .5269
#11 AVERY ANSI Yellow 20.7 .4568 .5245
#12 AVERY ANSI Red 3.79 .6146 .3556116
Table E-8 Luminance Data and Color Coordinates in x-y Space of Color Signs
Under Metal Halide Headlight Only (Measured with CS 100 Minolta
Colorimeter); Small Observation Angle (as Close as Possible).
Color Sign Luminance
cd/m2
#1 3M HI ANSI Yellow 17.9 .5192 .4682
#2 3M EG ANSI Yellow 7.85 .5200 .4695
#3 3M EG FHWA Red 4.31 .6018 .3554
#4 3M EG FHWA Yellow 6.65 .5105 .4769
#5 3M EG FHWA Orange 4.99 .6005 .3786
#6 3M EG ANSI Red 3.98 .6175 .3576
#7 3M DG FHWA Yellow 56.6 .5338 .4654
#8 AVERY ANSI Orange 7.71 .5613 .3960
#9 3M HI FHWA Yellow 24.9 .5360 .4624
#10 3M DG ANSI Yellow 38.0 .5267 .4609
#11 AVERY ANSI Yellow 10.9 .4337 .4598
#12 AVERY ANSI Red 1.93 .5986 .3350
Table E-9 Luminance Data and Color Coordinates in x-y Space of Color Signs
Under Tungsten-halogen Headlight Only.
Color Sign Luminance
cd/m2
#1 3M HI ANSI Yellow 20.5 .5475 .4420
#2 3M EG ANSI Yellow 8.58 .5506 .4416
#3 3M EG FHWA Red 4.79 .6484 .3425
#4 3M EG FHWA Yellow 6.86 .5426 .4524
#5 3M EG FHWA Orange 5.68 .6173 .3731
#6 3M EG ANSI Red 4.72 .6551 .3415
#7 3M DG FHWA Yellow 70.6 .5570 .4422
#8 AVERY ANSI Orange 9.12 .5833 .3956
#9 3M HI FHWA Yellow 28.0 .5590 .4402
#10 3M DG ANSI Yellow 49.6 .5507 .4398
#11 AVERY ANSI Yellow 12.0 .4815 .4583
#12 AVERY ANSI Red 2.44 .6525 .3321117
Table E-10Luminance Data and Color Coordinates in x-y Space for Sign Colors
Under the Metal Halide Headlight and the Coated Metal Halide
Light Source.
Color Sign Luminance
cd/m2
#1 3M HI ANSI Yellow 34.3 .5152 .4702
#2 3M EG ANSI Yellow 31.1 .5169 .4718
#3 3M EG FHWA Red 10.0 .6123 .3602
#4 3M EG FHWA Yellow 26.6 .5259 .4672
#5 3M EG FHWA Orange 18.5 .5885 .4011
#6 3M EG ANSI Red 8.62 .6197 .3546
#7 3M DG FHWA Yellow 68.7 .5361 .4628
#8 AVERY ANSI Orange 21.0 .5679 .4099
#9 3M HI FHWA Yellow 34.3 .5378 .4605
#10 3M DG ANSI Yellow 59.4 .5223 .4663
#11 AVERY ANSI Yellow 26.1 .4790 .4665
#12 AVERY ANSI Red 6.29 .6180 .3507
Table E-11Luminance Data and Color Coordinates in x-y Space for Sign Colors
Under Tungsten Halogen Headlight and the Coated Metal Halide
Light Source.
Color Sign Luminance
cd/m2
#1 3M HI ANSI Yellow 36.9 .5322 .4559
#2 3M EG ANSI Yellow 31.3 .5254 .4643
#3 3M EG FHWA Red 10.3 .6347 .3536
#4 3M EG FHWA Yellow 26.2 .5338 .4620
#5 3M EG FHWA Orange 18.7 .5946 .3986
#6 3M EG ANSI Red 9.23 .6377 .3466
#7 3M DG FHWA Yellow 83.3 .5554 .4436
#8 AVERY ANSI Orange 21.8 .5767 .4088
#9 3M HI FHWA Yellow 37.3 .5546 .4443
#10 3M DG ANSI Yellow 70.7 .5399 .4503
#11 AVERY ANSI Yellow 26.7 .4961 .4676
#12 AVERY ANSI Red 6.56 .6366 .3445118
Table E-12Luminance Data and Color Coordinates in x-y Space for Sign Colors
Under the Metal Halide Headlight and Clear Mercury Light Sources.
Sign Color Luminance
cd/m2
#1 3M HI ANSI Yellow 43.0 .4574 .5277
#2 3M EG ANSI Yellow 43.1 .4315 .5577
#3 3M EG FHWA Red 7.66 .5622 .3907
#4 3M EG FHWA Yellow 36.8 .4382 .5544
#5 3M EG FHWA Orange 19.9 .5314 .4532
#6 3M EG ANSI Red 6.46 .5599 .3760
#7 3M DG FHWA Yellow 73.6 .5134 .4850
#8 AVERY ANSI Orange 23.4 .5148 .4571
#9 3M HI FHWA Yellow 38.6 .5023 .4954
#10 3M DG ANSI Yellow 71.4 .4765 .5123
#11 AVERY ANSI Yellow 35.5 .4134 .5345
#12 AVERY ANSI Red 4.04 .5444 .3727
Table E-13Luminance Data and Color Coordinates in x-y Space for Sign Colors
Under Tungsten Halogen and Clear Mercury Light Sources.
Sign Color Luminance
cd/m2
#1 3M HI ANSI Yellow 45.9 .4784 .5084
#2 3M EG ANSI Yellow 43.9 .4420 .5476
#3 3M EG FHWA Red 8.20 .5958 .3788
#4 3M EG FHWA Yellow 37.2 .4470 .5465
#5 3M EG FHWA Orange 20.6 .5412 .4478
#6 3M EG ANSI Red 7.27 .5928 .3624
#7 3M DG FHWA Yellow 88.8 .5375 .4611
#8 AVERY ANSI Orange 24.9 .5277 .4525
#9 3M HI FHWA Yellow 42.1 .5234 .4752
#10 3M DG ANSI Yellow 83.9 .5020 .4883
#11 AVERY ANSI Yellow 36.5 .4331 .5300
#12 AVERY ANSI Red 4.58 .5851 .3650121
Appendix F
Tables Showing Subject's Responses for Color Samples
Table F-1 -Subject's Responses for the 3M High Intensity FHWA YELLOW Color
RESPONSE\ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-H COUNT
YELLOW 31 30 29 27 117
GREEN 2 1 1 4
ORANGE 3 4 5 6 18
GOLD 1 3 3 5 12
BEIGE 1
AMBER 1 1 1 4
OLIVE
LIME 1
TURQUOISE
BUFF 1
PEACH 1 1 2
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD, M-H HPS
&M-H & M-H & M-H &M-H COUNT
YELLOW 77.5 75.0 72.5 67.573%
GREEN 5.0 2.5 2.5 10.0 3%
ORANGE 7.5 10.0 12.5 15.0 11%
GOLD 2.5 7.5 7.5 12.5 8%
BEIGE 2.5 0%
AMBER 2.5 2.5 2.5 2.5 3%
OLIVE 0%
LIME 2.5 0%
TURQUOISE 0%
BUFF 2.5 0%
PEACH 2,5 2.5 1%
COUNT 100% 100% 100% 1II II*.100%
CL.HG: Clear Mercury CTD.HG: Coated Mercury HPS: High Pressure Sodium
TH: Tungsten Halogen MH: Metal Halide122
Table F-2 Subject's Responses for the 3M Engineering Grade ANSI Yellow Color
RESPONSE\ LIGHT SOURCES CL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
YELLOW 2 7 25 26 60
GREEN 29 23 5 57
ORANGE 1 9 10
GOLD 2 2
BEIGE 1 1
AMBER 1 1 2
OLIVE 2 4 6
LIME 9 8 3 20
TAN 1 1
BUFF
PEACH 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 5.0 17.5 62.5 65.038%
GREEN 72.5 57.5 12.5 36%
ORANGE 2.5 22.5 6%
GOLD 5.0 1%
BEIGE 2.5 0%
AMBER 2.5 2.5 1%
OLIVE 5.0 10.0 - 4%
LIME 22.5 20.0 7.5 13%
TAN 2.5 0%
BUFF 0%
PEACH 2.5 0%
COUNT 100% 100% 100% 100%100%123
Table F-3 -Subject's Responses for the 3M Engineering Grade FHWA Yellow
Color
RESPONSE \ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
YELLOW 1 5 24 24 54
GREEN 31 25 2 58
ORANGE 4 11 15
GOLD 3 4 7
BEIGE -
AMBER - 1 1
OLIVE 3 3 6
LIME 8 7 2 17
TAN 1 1 2
BUFF
PEACH
"OUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 2.5 12.5 60.0 60.034%
GREEN 77.5 62.5 5.0 36%
ORANGE 10.0 27.5 9%
GOLD 7.5 10.0 4%
BEIGE - 0%
AMBER 2.5 0%
OLIVE 7.5 7.5 4%
LIME 20.0 17.5 5.0 11%
TAN 2.5 2.5 1%
BUFF 0%
PEACH 0%
COUNT 100% 100% 100% 100%100%124
Table F-4 Subject's Responses for the 3M Diamond Grade FHWA Yellow Color
RESPONSE \ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
YELLOW 30 30 30 31 121
GREEN - 1 - - 1
ORANGE 6 5 5 4 20
GOLD 3 4 3 4 14
AMBER 1 1 1 3
PEACH 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 75.0 75.0 75.0 77.576%
GREEN 2.5 0%
ORANGE 15.0 12.5 12.5 10.0 13%
GOLD 7.5 10.0 7.5 10.0 9%
AMBER 2.5 2.5 2.5 2%
PEACH 2.5 0%
COUNT
100% 100% 100% 100%100%125
Table F-5 -Subject's Responses for the 3M Diamond Grade ANSI Yellow Color
RESPONSE \ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
YELLOW 25 34 34 30 123
GREEN 10 1 2 13
ORANGE 1 1 6 8
GOLD 1 2 3 6
BEIGE
AMBER 1 1 2
LIME 4 2 1 7
WHITE 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 62.5 85.0 85.0 75.077%
GREEN 25.0 2.5 5.0 8%
ORANGE 2.5 - 2.5 15.0 5%
GOLD 2.5 5.0 7.5 4%
BEIGE - 0%
AMBER 2.5 2.5 1%
LIME 10.0 5.0 2.5 4%
WHITE 2.5 0%
COUNT 100% 100% 100% 100%100%126
Table F-6 Subject's Responses for the 3M Engineering Grade ANSI Red Color
RESPONSE \ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
RED 38 39 39 30 14
GREEN
ORANGE 2 1 1 10 14
BROWN
PURPLE
BURGUBDY
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
RED 95.0 97.5 97.5 75.091%
GREEN 0%
ORANGE 5.0 2.5 2.5 25.0 9%
BROWN 0%
PURPLE
BURGUNDY
COUNT 100% 100% 100% 100%100%127
Table F-7 Subject's Responses for the Avery Engineering Grade ANSI Red Color
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
RED 36 40 40 34 150
GREEN
ORANGE 2 6 8
BROWN
PURPLE 1 1
BURGUBDY 1 1
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
RED 90.0 100.0 100.0 85.094%
GREEN 0%
ORANGE 5.0 15.0 5%
BROWN - 0%
PURPLE 2.5
BURGUNDY 2.5
COUNT 100% 100% 100% 100%100%128
Table F-8 Subject's Responses for the 3M Engineering Grade FHWA Orange
Color
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-H COUNT
ORANGE 26 34 34 36 130
BROWN 5 2 1 1 9
YELLOW 4 1 1 6
GOLD 2 1 2 5
BEIGE 1 1
RED 1 5 6
OLIVE
LIME
TAN 2 1 3
WHITE
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
ORANGE 65.0 85.0 85.0 90.081%
BROWN 12.5 5.0 2.5 2.5 6%
YELLOW 10.0 2.5 - 2.5 4%
GOLD 5.0 2.5 5.0 3%
BEIGE 2.5 - 0%
RED 2.5 12.5 4%
OLIVE 0%
LIME - 0%
TAN 5.0 2.5 - 2%
WHITE - 0%
COUNT 100% 100% 100% 100%100%129
Table F-9 Subject's Responses for the Avery Engineering Grade ANSI Orange
Color
RESPONSE\ LIGHT SOURCESCL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
ORANGE 25 29 31 1 26
BROWN 1 3 1 1 6
12 YELLOW 7 3 2
5 GOLD 2 2 1
_ BEIGE
4 RED 1 2 1
1 AMBER 1
LIME
TAN 4 1 5
1 PEACH 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG
& M-H
CTD.HG
& M-H
CTD. M-H
& M-H
HPS
&M-HCOUNT
ORANGE 62.5 72.5 92.5 87.579%
BROWN 2.5 7.5 2.5 2.5 4%
YELLOW 17.5 7.5 5.0 8%
3% GOLD 5.0 5.0 - 2.5
0% BEIGE
RED
-
2.5 5.0 2.5 3%
AMBER 2.5 0%
0% LIME
TANTAN 10.0 2.5
2.5 . 0%
PEACH 0%
COUNT 100% 100% 100% 100%100%130
Table F-10Subject's Responses for the Avery Engineering Grade ANSI Orange
Color
RESPONSE\ LIGHT SOURCES CL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
ORANGE 23 31 32 24 110
BROWN 1 2 1 1 5
YELLOW 10 2 4 10 26
GOLD 4 3 2 9
BEIGE - -
RED 1 1 2
AMBER 1 1
LIME
TAN 1 2 1 1 5
PEACH 1 1
MUSTARD 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
ORANGE 57.5 77.5 80.0 60.069%
BROWN 2.5 5.0 2.5 2.5 3%
YELLOW 25.0 5.0 10.0 25.0 16 %
GOLD 10.0 7.5 5.0 6%
BEIGE - - 0%
RED 2.5 2.5 1%
AMBER 2.5 0%
LIME - 0%
TAN 2.5 5.0 2.5 2.5 3%
PEACH 2.5 0%
MUSTARD 2.5 0%
COUNT 100% 10096 100% 100%100%131
Table F-11 -Subject's Responses for the 3M Engineering Grade FHWA Orange
Color
RESPONSE\ LIGHT SOURCESCL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
ORANGE 27 36 37 34 134
BROWN 2 1 1 4
YELLOW 8 1 4 13
GOLD 1 1 2
BEIGE -
RED 1 2 2 5
AMBER 1 1
LIME
TAN 1
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
ORANGE 67.5 90.0 92.5 85.084%
BROWN 5.0 2.5 2.5 3%
YELLOW 20.0 2.5 10.0 8%
GOLD 2.5 2.5 1%
BEIGE 0%
RED 2.5 5.0 5.0 3%
AMBER 2.5 0%
LIME 0%
TAN 2.5 0%
COUNT 100% 100% 100% 100%100%132
Table F-12 -Subject's Responses for the 3M Engineering Grade FHWA Red Color
RESPONSE \ LIGHT SOURCESCL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
RED
ORANGE
36
2
39
1
40 23
17
138
20
GREEN 1 1
BROWN 1 1
YELLOW
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
RED 90.0 97.5 100.0 57.586%
ORANGE 5.0 2.5 42.5 13%
GREEN 2.5 0%
BROWN 2.5 0%
YELLOW 0%
COUNT 100% 100% 100% 100%100%133
Table F-13Subject's Responses for the 3M Engineering Grade ANSI Red Color
RESPONSE\ LIGI-FT SOURCESCL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
RED
ORANGE
38
2
40 38
2
28
12
144
16
COUNT
RESPONSE\ LIGHT SOURCES
40
CL.HG
& T-H
40
CTD.HG
& T-H
40
CTD. M-H
& T-H
40
HPS
&T-H
160
COUNT
RED
ORANGE
95
5
100 95
5
70
30
90%
10%
COUNT 100% 100% 100% 100%100%134
Table F-14Subject's Responses for the Avery Engineering Grade ANSI Red Color
RESPONSE \ LIGHT CL.HG CTD.HG
& T-H& T-H
CTD. M-H
& T-H
HPS
& TH COUNT
RED 39 40 40 29 148
ORANGE 1 11 12
COUNT 40 40 40 40 160
RESPONSE \ LIGHT CL.HG CTD.HG CTD. M-H HPS
& T-H& T-H & T-H &T-H COUNT
RED 97.5 100 100 72.5 93%
ORANGE 2.5 27.5 7%
COUNT 100%100% 100% 100% 100%135
Table F-15Subject's Responses for the 3M Engineering Grade FHWA Yellow
Color
RESPONSE\ LIGHT SOURCES CL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
YELLOW 2 5 20 21 48
GREEN 29 23 7 59
ORANGE 1 15 16
GOLD 2 2 4
BEIGE
RED
OUVE 4 5 9
LIME 9 7 3 19
TAN 1 1 2
MUSTARD 1 1 2
WHITE 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
YELLOW 5.0 12.5 50.0 52.530%
GREEN 72.5 57.5 17.5 37%
ORANGE 2.5 37.5 10%
GOLD 5.0 5.0 3%
BEIGE 0%
RED 0%
OUVE 10.0 12.5 6%
LIME 22.5 17.5 7.5 12%
TAN - 2.5 2.5 1%
MUSTARD 2.5 - 2.5 1%
WHITE 2.5
COUNT 100% 100% 100% 100%100%136
Table F-16 -Subject's Responses for the 3M Engineering Grade ANSI Yellow Color
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
YELLOW 2 14 21 37
GREEN 31 27 11 69
ORANGE 1 15 16
GOLD 1 1 3 5
BEIGE -
RED
OLIVE 1 2 6 9
LIME 7 9 5 21
TAN 1 1
MUSTARD - 1 1
WHITE 1 1
COUNT 40 40 40 40 160
RESPONSE\ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
YELLOW 5.0 35.0 52.523%
GREEN 77.5 67.5 27.5 43%
ORANGE 2.5 37.5 10%
GOLD 2.5 2.5 7.5 3%
BEIGE 0%
RED 0%
OLIVE 2.5 5.0 15.0 6%
LIME 17.5 22.5 12.5 13%
TAN 2.5 0%
MUSTARD 2.5 0%
WHITE 2.5
COUNT 100% 100% 100% 100%100%137
Table F-17Subject's Responses for the 3M Diamond Grade ANSI Yellow Color
RESPONSE \ LIGHT SOURCESCL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
YELLOW 32 35 33 27 127
GREEN 2 1 - - 3
ORANGE 3 1 2 9 15
GOLD 1 1 4 3 9
BEIGE -
AMBER 1 1 2
OLIVE - 1 1 2
LIME 1 1
TAN
MUSTARD 1 1
WHITE
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 80.0 87.5 82.5 67.579%
GREEN 5.0 2.5 2%
ORANGE 7.5 2.5 5.0 22.5 9%
GOLD 2.5 2.5 10.0 7.5 6%
BEIGE - - 0%
AMBER 2.5 2.5 1%
OLIVE 2.5 2.5 1%
LIME 2.5 0%
TAN - 0%
MUSTARD 2.5 0%
WHITE
COUNT 100% 100% 100% 100%100%138
Table F-18Subject's Responses for the 3M High Intensity Grade ANSI Yellow
Color
RESPONSE \ LIGHT SOURCESCL.HG
& T-H
CTD.HG
& T-H
CTD. M-H
& T-H
HPS
&T-HCOUNT
YELLOW 9 21 29 26 85
GREEN 22 10 6 38
ORANGE 1 11 12
GOLD 1 3 4
BEIGE 1 1
AMBER
OLIVE 2 4 1 7
LIME 7 5 1 13
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
YELLOW 22.5 52.5 72.5 65.053%
GREEN 55.0 25.0 15.0 24%
ORANGE 2.5 27.5 8%
GOLD 2.5 7.5 3%
BEIGE 2.5 0%
AMBER
OLIVE 5.0 10.0 2.5 4%
LIME 17.5 12.5 2.5 8%
COUNT 100% 100% 100% 100%100%139
Table F-19Subject's Responses for the 3M High Intensity Grade FHWA Yellow
Color
RESPONSE\ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& T-H & T-H & T-H &T-HCOUNT
YELLOW 30 24 27 17 98
GREEN 1 - 1
ORANGE 6 9 7 16 38
GOLD 1 5 5 4 15
BEIGE - - -
AMBER 1 1 2
TURQUIOSE 1 - 1
TAN 1 1 2 4
MUSTARD 1 1
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-HCOUNT
YELLOW 75.0 60.0 67.5 42.561%
GREEN - 0%
ORANGE 15.0 22.5 17.5 40.0 24%
GOLD 2.5 12.5 12.5 10.0 9%
BEIGE 0%
AMBER 2.5 2.5 1%
TURQUOISE 2.5 - 0%
TAN 2.5 2.5 5.0 3%
MUSTARD 2.5 0%
COUNT 100% 100% 100% 100%100%140
Table F-20Subject's Responses for the 3M Engineering Grade FHWA Red Color
RESPONSE \ LIGHT SOURCES CL.HG CTD.HG CTD. M-H HPS
& M-H & M-H & M-H &M-H COUNT
RED 30 37 38 24 129
GREEN 1 1
ORANGE 8 3 2 16 29
BROWN 1 1
PURPLE
BURGUNDY
COUNT 40 40 40 40 160
RESPONSE \ LIGHT SOURCESCL.HG CTD.HG CTD. M-H HPS
M-H & M-H & M-H &M-H COUNT
RED 75 92.5 95 60 81%
GREEN - 0%
ORANGE 2.5 7.5 5 40 18%
BROWN 2.5 - 0%
PURPLE
BURGUNDY
COUNT 100%100%100% 100% 100%